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PREFACE

In Auguet 1951 2 University of Kenses Researsch goup was
azsigned to atudy the general prodlez of the launshing aed
landing of ecarrier aircrart. The work xas done under sontract
ONR 563 (0l)e The purpose of the study was to obtein from
a well-trained diversified group not too imbued with past and
presont Xavy thinking and prmoedure, sn indapendent evalustion
of the prablem and possible methods of sclutlon, smphasis
being placed upon developmsnt to meet future mneeds rather
than just to solive lmmedlate problems.

It was left teo ths group to ochocae those azpacts of the
problem on which %o concentrate. As & reasult, ssrtain aspeots
cf the prodlem have been astudied intensively while others
have been considered only superfisielly. In analysing
ths problem and dividing it into its several aspects, the group
asksd two Qquestiona:- (1) Is this aspect of the problem of
decided importancet (2) Can the group make a worthwhiie
ocontridutisn by studying intonsively this aspeot s the
problem? Emphasia was placed upon those aspacts for which
the snswer to each question was affirmative.

@w group submits its final report in four partss The
title and gensral oontsnt of each part iz as followeg

Part I. General Report.

T™ig seoction presents in a comprehensive yet
understandeble mannsr the problem as the group
sees it, and makes clear what the group beliaves
can and/or should be dons. This section is
relatively free of details but comprohonsive

58 regards genaral oconoclusions.

Part II. Limitacions of Cable=Drive Catapults.

This section prescnts & deteiled study of the
limitations oi cablee=drive cefapults and the
- Delative effsots of diffsrent modifications of
- oable drivez. It is rather analytical.

Pert III. A Multi=Jet Driven Catapult {(Hydrapult).

This seotion presents the rasults of a study of a
multi-jet catapult which the group refers to as

& "hydrepult.® Although emphasis is pimceu upon
the general features and operation cf the proposzed
hydrapult, numsrous detaile are includad.
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Part IV, Barricades.

Thia section presents ths rssults of 2 modeld
study of barricades, It oontalins meny tabulap
data giving force distributions ameng the
various elemsnts of typloal barricadss.
Rumerous photographs 27¢ inoluded.

The University of Xecnsas Research Group as=igned to study
this problem and submit this report was composed or the
following staff membersi

We Jo Argarsinger, Jr., Ph.D., Associate Profeassor of
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Ohsmiastry.
Seagondollar, Ph.D., Assistiant Professor of Physics.

smp-ca,l PhsDe, Trofessor of Asronauticel Rnginsering
and Chaimin of departmsnt,

Smith, Fh.D., Aesoclate Profszsor of Rleotrical
Bnginsering.

Snydor.z Ph.D., Associate Professor of Mechanical
Enginsering and Chalirman of department.

Stranathan, Ph.D., Profeasor of Physios and Chairman
of department,

Wilson,3 Ph.D., Professor of Electrical Enginsering
and Chaimman of department.

Wisemsan, Ph.D., Assistant Professor of Physics.

Resigned from group January 15, 1952.
Resigned from group August 15, 1952.
Resignedé from group March 12, 1952.
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2RTRODUCTIOK

A catapult must furnish to the sircraft being launched a
large amount of snergy in = very short time intervel. Since
¢ machine whici can produoce directiy great amounts ol power
for short time intervals 8 impracticzile, ths usual procscure
1s to store a large amount of aeanergy in some potentlal form and
then release thire energy during the lsunching period. The
supply of paiential anergy is then reestablished during the
rolatively long time interval betwsen launchings. ‘The basic
problem with such machinss is that of developing a satisfactory
mothod of transmitting the energy from the storage units to the
airoraft. Aay practicsl transmission system must be reliablej
it must be oapable of delivering the required engrgy in the
ghort time interval available; it must not be too massive; and
the mass of meterial that has to be accelerated with the airoraft
nust be kept low.

Ve

) - PPN - -
Baslic Principls of ths Hydsapult

Cne methud of energy transmission is that used in the Pelton
water whesl. In the catapult ccasldered hers, the water buckets
are attached t¢ a shuttle which moves along a straight traock
rather than %0 & wheel which rotates. The aircraft is attached
to the shuttle in a standard manner. Work has been dons else-

where on % system u51n§ a single, larggojet of watsr.” With a
single jet sericus difficulties arise because of divergence of

the stream a8 the nogzle~to-shuttle dlatence becomes large. In
ercer to aveld this difficulty it 12 proposed that many nogzles
be plessd beneath the shuttle track. Each noztle will be
turnied on a5 thae shuttle arrives «t the position whers the

Jet from tbat nozzla will strike one of the bucke ts mountad

on the shuttle., As the shuttle moves to a position where the
jet from this nozzle will no longer strike a bucket, the nogzle
will be turned off. Thus the thrust of the single atream will
be replaced by many short-time impulses as succeeding jets cof
water (or other fluid) propel the shuttle.?

In Greek mythology the "hydra®™ was a many-haaded asea
soerpent., The name hydrapult 1s propcssd for a catapult of
the multi=jet design. The essential features of & hydrapult
are shown by the schematic diagram on the following pagee.

# "Considerations on a Laerge Hydraulic Jet Cetapult,™ by
Langley Asronautical Laboratory, NACA RM L51B27, April 1951.

# This basic 1dea has been under sonsideration by this group
since September 1951. It has been considered indepondsntly
by FP. 0. Ringlet and others, "Dynamics of a Hydraulic Jat
Catapult with Automatic Jet Control," NAMC Report No.
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Basic Components of the Hydrspult

The gsneral festures of the ssversl bzzic components of the
hydrapult will now be considered one by ones. A number of them
will be considersd in Zetail latex.

Acoumulator-Ram

The acoumulater{s) will contain & high pressure gas charge.
The prassure will be transmitted to the fluid by means of &
diaporagm or piston. Appropriate controls will insure that
the pressure 1s tranzmitted at the proper time.

Hi Pressure Pipi Systea

A high pressure piping system will run from the accumulator-
ram unit(s) to the nozzles which are located along the accelsrated
ruie Flow of thiy fluld from the noszles agalinat ths buckets on
the shuttle will be controlled by fast acting valves which are
activited by the shuttle,

Shuttls

The ahuttle will move along the track as a result of the
force zxsrted by the high pressure jets from the nozzles
pleying on tuckets attached to the shuttle. This motion can
be transmitted to the plans by an appropriate bridle and hook
arrangement £o provide a direct drive, or by a cable system
to provide an indirect drive. The length of the shuttle should
be approximately 10 feet. A height of 1 foot and a width of
2 or 3 fest appear feasible. Thus there 15 a good possibility
that a direct drive arrangement can be utilized, with the
shuttle operating in & channel directly under the flight decks
The buckets on the zhuttls will be of the Pelton type in whioch
the Jet impinges on a sharp dividing line which splits thse
streem in half, with saci half undergeoing & change in direction
of almost 180°., 3Since Pelton type buckets in existing water
wheels withatand impulsize forces of over 100,000 1lbs. per
‘bucket, it would seem that design of satisfactory hydrapult
buckets would not bsa too difficult.

Fowe r Plant

After ths fluid leaves the buclets it will impinge on the
walls of the channel, go to a collecting duct at the bottom or
side, and enter the return piping system. The fluid will then
be pumped from the return system into the high pressure system
by means of hydraulls pumps. The pressure will return the
acoumulatoreram to battery position as the fluld is pumped into
the high pressure system.

oy ‘_ RRE
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Brake

If = direct drive syatem is uged, the only moving wmass
whiock raguires a brake ia the shuttle with its attachsd buckets.
Becaurs of the comparativaely light shutile weight, a waler brake
can be used to decelerate ths shuttle to standstill in e short

distance, sey 10 feet. The design of the water brake would
present no major problem.

Retriovigg Mechanism

FPetrieving the shuttle is a simple matter because it is
not attachsd to a cable or piston. / possible retrieving
mechenism could consist of an elsctric motor driving an endlsas
cable. The cable would have a dog attached to it; the dog
would engage uhe shuttle and ssturn 1t to battery,

Alr Compressor and Associated Pipigg

An eir compressor installation, and possibly an associated
high pressure piping system, will be necessary tc prechargs the
accumulator-ram(s). Howevsr, the capacity of the compressor
system need not be large since after the initiel alr charge is
placed in the accumulaters, addition is required only to
compensats for lesakage.

Miscellansous

The hydrapult may also require other miscellaneous devices
such as an initial tensioner, a runaxay shot preventer, and &
pneumatic-electrical valve operating system. None of these 1is
likely to present a serious development problem.

Genoral EBvaluation of the Hydrapult

The hydrapult appears to offer a promising method of
catapulting heavy loads at hizh velocities. The component
parts of ths hydrapult are of standard design and hence should
require a minimum of development. Once a given hydrapult design
proves satisfactory, the design can be modified to handle
heavier loads at ths samo terminal velocity by increasing the
area available for fluld flow. A nearly linear relationship
between catapult weight and dead load welght i1s obtained for
any given terminal velocity.

By causing a number of Jets to play on the shuttle at any
one time, a ratio of maximum to average accelsration nearly
equal to unity can be obtained. For instance, using six jets,
and using an initial accumlator pressure which is 1.60 times
the final pressure, a ratio of max/av. aoceleration of 1,02
cant to obtained. If only one jet is used, with the same
pressure range, & valus 1.1l 1s obtained for the ratio max/av.
acceleration. If a 1limit is placed vpon the maximum acoelsr-
ation, the fact that the average acceleration 1s so nsarly
equal to the meximum allowa the use of a shorter scaslerated
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Another advantage of the hydrapult is its adaptibility to
launching planes of various welghts. There are three obvious
methods of adepting it for planss lignier than the designed
welight, Ome of these 1z ic rendsr sslscted nozzslss incperative.
This method alome would provide prorarly only for plane weights
some submultiplie of the designed weight. Another method is to
reduce the initial gas pressure in the accumuiatoreram. This
mothod 5f adaptetion might introduce considerable camplication
into the valves, pumping, and piping systema if it were
exorcised over too wids & pressure ranges. A third method
is to reduce the nozzle area. Adaptation through reduotion
of noszle area would compliocate materielly ths noszzle design.

Consider, for example, a hydrapult designed to launch &
dead load of 50,000 lbs. with six jets playing on the shuttle.
If alternate nozzles wore rendered inoperastive, & dead load of
25,000 1bs. could be launched at the same average acceleration
and with 2utsa ;ma%l éncre;ae ut‘h the m:/nv. aoc;lomtion ratio.
By using 6, 5, 4, 3, or 1 of the possible six jsts playing on
the shuttle, loads of 50,000, 41,4600, 33,400, 25,000, 16,660 or
8330 1bs. respectively could be catapulted with the designed
acceleration and an acoesptable av. acceleration ratio. It
would be possible to use in combination with this method the
method wherein the initial accumulaior pressure is redusce? fsr
planes lighter than the maximus designed weight. By selecting
noszles as the major adjuatment and varying the pressure as a
minor adjustment; it would be possible to launch a plsne of
any weight between 50,000 lbs. and 8330 1lbs. with the designed
acceleration.

A further advantage of the hydrapuit is the possible
variation of averag> acceleration along different portions of
the accelerated run. Por instance, if for psycshological or
paysiological reasons it were desired to have a lower average
acoeleration during the initial part of the run and then te
increase the average acceleration in the latter portions, the
nozzle areas and/or apacings could be easily designed to yisld
(within 1imits) the desired results.

DESIQGN FACTORS
In the investigation of hydrapult design and performance,

& number of factors must be considered. The following, which are

the more important of chese factors, will be diascussed ons by
ons.

l. Pluid Vzloocity Bulld-Up Time

2+ Jot Velocity versus Time Relation

3. Ratio of Maximum to Average Accels:aticn
e Accunmiiator-Rams
s Cavitation and Aeration

€. Jot System

7« Valves and Nozslee

e Pocwer Plant
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An important factor in the satiefactory opsration of the
hydrapult is the time required for the fluid (driven by constant
pressure) to apprcach 1its steady stete velcoity eflter being
relessed by a valvs. The importance arises from the fact that
the fluld {from & given nogzzle can play upon ths rapidly moving
shuttle buckets but a short time, For example, if a shuzttle
having an effective length of 12 feet is moving with an average
velocity of 200 ft/sec. during ths time the fluid from &
particular nossle plays on the buckets, the total time that
the jet from this nozzle can exert an effective force con the
shuttle v

= t = ‘2'}5%' - 0006 860C.

Thus, in order that the hydrapult shall conserve high energy
fluid, the velocity build-up time mmust be a smsll fraction of
0.06 seconds,

An applicable formula for the velocity-time relationship
during the build-up period 1z given in, "Applied Fluid Mechanies,"
by 0'Brien and Hickox, McOraw=Hill, 1937, pages 234 and 238. The
relationship is

v-v‘tgnh-g—n—-t
L vy

where v 1s the fluid velocity at {ime ¢ seconds, v_ is the steady
atate velocity, g is 32.2 ft/sec.c, H 1s the effeclive hoad in
fest, and L L5 the effzcotive length of pipe.

For the purpose of determining numericalily &« representative
velocity-time relation for the velocity bulld-up, the following
arrangsment will be eassumed. An aecumulator-ram supplies fluid
at high pressure to a pipe with a nozxzle at the far end. The
pipe 18 assumed to be 5 feet long and 7.66 inches in dismeter
(area 46.2 8q.in.). The nozzle area is taken as 7.1 sqe.in,.,
and the velocity coefficient of the norzzls, C,, as 0.93. The
accumulator pressure 1s assumsd to be 4000 pal, whish corresponds
to a water head of 9230 feet. These assumptions correspond to
a steady state velocity of approximately 115 ft/sec. in the pipe.
If the supply pipe 1s considered to be smooth and to include
only smoothly rounded surves, the friction drop throughout will
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be negligible in comparison to the hesd of 7230 feet. Although
the accumuletor will ba looested below the nogzle, the difference
in slevation is negligible in comparison to the head. Thus, the
only drop in pressure which need be considered iz that in the
noszls,. Accordinglv, the steady state velocity is given by

Vg ™ Cy V2 g H = 0.98 2 x 32.2 x 9230 = 755 ft/sec.

The effective length L of the pipe applicable in calculation
of the velocity builde-up is given by

L.%%-Sxﬁg-o.n rt.

the pipe area, and the noszzle
“ea. “hu. the veﬁcity-tiﬁs%lntiomhﬁ.p for the :gnum.d
conditions bscomes

» gHt 32.2 x 9230 ,
VR Ve temh g= = TS5 tenh oy Tes !
= 755 tanh(511 t) rt/goc.

The following table gives caiculated values of the velcecity
attained by the fluid at various times aftsr the fluid was
started in motion.

t (in sec.) v (in ft/sec.)
11 3 f;’
.002 ng
«003 688
004 730
005 7%6
00 755

The above calculations indicate that if the control valve
is assumed to operate instantly. the Jjet will build up to J1l.1 %
of its steady state veloocity in 3 milliseconds, and to 98.8 € o
its steady state velocity in 5 milliseconds. This indicated
fast ve]ccity build-up would bde entirely satisfactory for
hydrapult operation. Howsver, it would be extremely desirable
to have experimental verification of the calsulated values.
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Jet Velooity wersus Tims Relation

A constant pressure accumulator is not feasible; the
pressure will fall significantiy as the volums of fluld
dolivered by the nozszle increases, Hence, the jst veloocity
will nsvex attaln ths steady state vslue corresconding to toe
initial pressure. Aftsr reaching a meximum &t the end of the
initial build-up, it will decreass thereafter. Consideration
of this variation of jet velocity with time ia important in
evaluating the perfommance of the hydrapult. The velocity~time
relationship will now be developed, after severa) simplifying
assumptions are made. These ezzumptions will not influence
the results significantly. '

Consider an a¢oumuletor-ram supplying high pressure fluid
to a pipe and nozzle aa shown belowe

ACCUMULATOR PISTON e
/ NOZZLE \.\
H AREA Ap : : W/
; |

Initial the welightless piston is at the left-hand position
shown; accumuiator is filled with a gas ol volumes Vy at
pressure 3 the pipe of area Ap is filled with fluid n% rest.
Upon releade of the piston, the gas pressure acting upon the
fluid through the piaton will force the fluild out through

the nozzle of area Ap. As shown in & previous saction, the
transient build-up time of the jet vsloocity will be small

3 to 5 milliseconds if thae initial pressure P% is high and 1f
the pipe 1s not too longe Sinoce the transient build-up time
1s emall (5 % of the total time the jet is in operatiom), 1t
will be neglected in what followse During the time ¢t the
pilaton will move through the distance x. If P and V represent
respectively the gas pressure and volume corrssponding to this
new position of the piaton, and if one assumes that the rapid

expensicn is edisbatic {the total flow time is leas than 1
second),

VeV ¢A,x and PVKep v,
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Combining these two equations,
. R
P "Vl + Ap x)k = Pl 71 . {A)

The actual jet velooity vy will be

vy=C VP = ;ﬁ% | (B)
from which
bp ax
=T (¢)

whore C is a constant, Por water C = G, V22/04 34 = 12.18 CIo
whers cv is the velocity ccafficient of Vthe noszles, where P 1s

in psi, and where vy is in ft/sec.

All frictional and inertial effecots, with the sxception of
nossle friction, have been neglected in writing thes above
rolatiomhips. It has baen pointed out pmviomly that the

Py

neglecisd eflfecis are small, Combining {(A) and {C) azbove leads
to the equation

c
(VI*Apx)k/zdx-_f-ﬂ;vé]_V?dgﬁ
Ap

Integrating this expression,

k/2 + 1 C Ap
1 ST - \/G v t +
- (vq + Ap x) - Y 1 Y K
(/2 + 1) IP P
where K is a constant of integration. Since x = 0 at t = 0,

1 v )k/2+1
(k/zn)».p 1

Inserting this value of K in the preceding equation,

k/2+1
1l

k/2 + 1 CAn ’/{’1"1

Vy + ApX)
TR l)Ap( 1t 4 (k/f+ 1A,
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and solving this expllieitly for x,

we e3Py

. Tk + 1 d

x = 1 An(k/z + 1) Vél Vi ¢t +Vy = x; *
P d

Differentiating with respect to t yielids 2

ax u

B k X+ f‘ w2 -l)l, K42 k
2 1 k 2 s v
®EEn it Ve n* €+ vy | N

]
i

P _ e

But from (B)

A
=2 9
Substituting the above value of dx/dt into this and rearranging
tem.
- / 1 -k/(k+2)
Tk L L (k+2)/2
vy= cvPy Vq lc ,‘n(_l%?_)\/pl vy b4V .

——

In the specific case for which the accumulator gzas ia air
with k ® 1.4, the fluid is water for which C = 12.18 Cg, the
initial presaure Py is 4000 psi, and Cy 18 taken as 0.86, the
last equation above reduces to the folfowing simply through
substitution of numerical values,

r A = '001‘.12
vy® 755 | 1283 == t + 1|
b Vy |

L J

This shows the manner in which the jet velocity depends upon
time, the nozzle area and the initial volums under the oconditions
represented by the specific case. If the axis of the nosgzle 1s
inclined at an angle & with the direction of motion of the
shuttle, the effectivs velcoocity 1s given by

A -; -0 .1;12
Vorr = Yy Cos & » 755 [‘1283 vs t +1 Cos & .

The curve on the followin Vpngo rugg:aenta a plot of this
equation, vere Versus Ant/Vi, for particular case where
the angle & is 15°. Inspection of the curve shows that within
the pressure range 4000 to 2500 psi, the jet velocity-time
relationship is linear within a maximum divergence of 2.3 %.
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Ratic of Maximums to Average Acceleration

In thig gection a aimplified anslysis of the maximum to
averags acocsieration will be made for a typicel nydrapult. The
shuttle will be assumecd to be 10 fest long, with six buckete et
2-foot intervals. The noztle spacing will al=2o be taken as
2 feet. An accelerated run of 200 feet is assumed. The shuttle
is assumed to be in such a position that the nozzles at 104, 106,
108, 110, 112 and 1l feet are playing upon the buckets. A step
by step anslysis of the required nozgzle area for an average
accelsration of Lg and a force of 230,000 lbs. shows that the
nozzle area revquired would bs 4.52 2q.in. for the nogzle &t
104 feet and 4470 8q.in. for the nozzle at lll feet. Intervening
nozsles would require intermediate arsas. Thus it appears that
a nozgle area of say 4.65 sq.in. would be satisfactory for eadh
of the 2ix nozzles,

When ths noczzls at 1l feet first playa upon the first

shuttle bucket, the effective jet velcsoltiss at the noszles,
as taken from the curve on the preoceding page, are:

iy, " 725 rt/sec.

Vu2 - 690
Vllo = 660
V108 = 635
7106 - 612
vioy * 591

S vere ™ 3913

After the shuttle travels 2 feet, the noz:zle at 10, feet ceases
to play upon the last bucket on the shuttie. At tbe inatant
just prior to this the effective Jet velocities are:

iy, = 690 ft/=zsc.
viiz = 660
iy = 635
7108 = 612
vi06 = 591
Yl = 5T

Z vopp = 3762

Since the nozzle areas were assumed to be equal, and sinoe
the shuttle velocity in this 2-foot intervel has changed only :
from 171.3 to 172.9 ft/zec., the shuttle acceleration is .%
readily cbtainable as a function of the summation ol jet velocities, %

X
Tt



This ideaiized acceleration versus distance relation is shown in
the figure lLelow.

-
I

The reatio of maximum to minimum acceleration in this 2-foot
interval ia

max/min. acceleration = %;%% = 1,04

while the ratio of maximum to average acceleration for the
interval ia

2 1l
max/av. acceleration = x 3913 “ 1,02 .

3913 + 3762

If in order to launch a lighter plane, only >ne nozzle were
allowed to play on the shuttle at any tims, the ratio of maximum
to minimum acceleration would be

max/min. acceleraticn = %%E = 1,26

and the ratio of maximum to average acceleration would dbe

2 x725
ave. &cceleration = = 1,11 .
RAL/) 725 + S74
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It would seem from tha feoregeing snalysis that highly
satisfactory ratios of maximum to averages accelsration would
Yo feasible with the hydrapult, and that by proper nozzle
control & wide varistion in dead loads could be accormodated
without resulting in & tco unfavorabis ratic of max/av.
agcoeleration.

I+ ahculd be pointed out that the sbove secceleration ratios
heve bsen calculated for only a 1l0-foot section of the asocelerated
run. The ratio of the peak accelerstion encountersd within the
entire launching run to the average acceleration for the entire
run will depend upon whetlsr the averezs acscelerstion ia
maintainsed constant throughcut the run. The aversge can be
maintained constant by use of unit accumulators. Even were a
large accumulator feeding many nozzles to be used, the average
acceleration could be maintained constant by soms means such
as proper variation of nczzle ares. If the average acceleration
is kept constant the acceleration ratios calculated above for
& 10=foot ssction would pertain equally welkl to the entire run.

It should also be pointed out that in order to minimize
shock effects as the Jjets change from bucket to bucket, it may
be desirable to stagger the bucket and nozzle spacings slightly
so that all jets will not change at the same time,

Accumulator-Rams

There are two basic types of accurulator-rems which might

be used in the hydrapult, These two types are:~ (1) The small
or unit accumulator-ram in which there is one small accumulator
for each nozzle; (2) The large or miltiple nozzle ascumulator
where one aocoumulator feeds a number of nozzles. It appeurs
that the hydrapult would operate equally well with either type
of accumulator. The choice of accumulator typs will therefore
depend primarily upon the development of a satisfactory velving
asystem and upon the space available for the installation. The
unit type requires a large number ol small volume spaces whoreas
the multiple type requires a small number of large volume spaces.
The unit aoccumulator will deliver a metered amount of water.
The vealves used will have to open quickly, but do not have to
close quickly. On the other hand, the multiple type requires
valves which both open and close quickly. It may also require
some means of reducing water hammer shocks.

It 18 entirely possible that with some modification the
sccumulators used in aircraft hydraulic aystems would be satis-
factory for a unit type installation. The multiple type
sccumulator-rams might be similar to thosa used in die cast
machines such ss the wodsl j00-A manufactured by the Hydraulie
Press Manufecturing Company, Mcunt Gllead, Ohio. This machine
uses an 8000 cu.in. nitrogen acoumulator to obtain very high
pressurs for die casting work. Calculations show thet the total
eccumulateor size is well within practical 1limits when air is
used as the gas, If the initial zair presgure is 2400 psi and

the final pressure is 1130 psi, e 40 x 10° ft.lb. hydrapult
would requgro e total accumglaﬁor %olume of 726 cu.ft,
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Scms ccneideration should bs given to the use cf a gas
charge other than air, If P. and V4 represent the in%tinl
presaure and voiume ol the gta chargs, P, and Vo ths {inal
prassure and volume, &and k the coeflislefit of afiabatio
expansion,

Now the difference (Vo = Vi) is V4, whore V4 is the displacement
volume which is fixed for & gilven design. Hence

k V4

1/
V2 = (ry/P) V) = e

Accordingly, if V, and the ratio P,/P, are fixed, the total
accumulator vo]_uns Vo will depend o?x the value of k. Thus

if « gas with a valug of say k = 1.1 could be used insteaa of
alr, for which k = 1.4, the total accumilator volume would be
decreased by about 25 %. There is some possaibility of designing
a gas mixture with this lower value of ke The possibility
appears worthy of further investigation. An interesting article
on this aspect of accumulator design is one entitled, "Hydraulie
Accummiator for Constant Pressure Operation,™ by Kurlovitas &nd
Svindenkor, Engineers Digest, Vol. 3, No. 10, October 19446,

page 516. However, the process desscrived in this article takes
place over a comparatively long time and thus is 1sotnermal
rather than adiabatic.

It is also possibls to uze asteam near the coritical point
as the charge medium. Its use wculd reduce the ascoumildator
volume required. However, the disadvantage of insulation,
heatesrs, otc., seem to outweigh the saving in accwrulator size,
Nevertiheless, the possible use of using high pressurs, through-
type steam generators as the hydrapult power source has
considerable merit.

In the design of the accumulator-rams and associated piping
systems, allowance must be made for the fact that the forses due
to the noxzle reaction and due to pipe bends must be tiken by
the accumuletor-ram piping system.

Cavitation and Aeration

The effects of cavitation may become very important in any
hydraulic systeme Thus in the design of a hydrapult, all
components where cavitation might occur should be considered
carefully. It would seem that the liquid sides of the ram
surface and the Pelton type buckets on the shuttle would be the
most vulnerable to cavitation effects. PFurther work would have
to be done on this aspect of the problem.
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Since the jet stream leaves the buckets at a fairly high
velocity, considerable air mey be sntrained in the fluid. If
this air wers still in the fluid duwing the succeeding shot,
the poerfommance and efficiesncy of the nozzle would be reduced
greatlys It is pessible that if ths exhaust fluld wsre allowed
to stand for a time bsfore re-sntering ths high pressure pumps,
the entrzined air would lsave the fluid. This might entail useé
of & larger amount of fluid than would otherwise be required.
Other possivilities are ths uvae of centrifuges or hesting to
remove the alir fram the fluid. PFurther study on this aspect
of the problsm would also be deairable.

Jet System

In the direct drive hydrapult, the force driving the shuttle
foivard is exerted by Jetz playing on buckets attached to the
shuttla. The character c¢f the driving force will depend upon
the nature of the jet stream. In order to insure a satisfactory
Jot stream, the nozzles must be carefully designed. Calculations
have shown that the nogzle exit diameter required will be between
2 and 5 irnchea, depsnding upon the design chosen. Since the
nogzles are not uszed to vary the fluld flew, and since nossles
with velcolty coefficients of 0.98 have been built, the nosszle
design ahould be along conventicnal lines. Nozzles up to 12
inches in diameter have been used in hydraulic turbines; end
quite high jet velocitlies have been ussd. For example, in the
Chandeline Plant in Switserland, there are three Pelton type
turbines, each developing 50,000 horsepower and opsrating at
Suggad zf S740 feet.® This head corresponds to a pressure of

P8ie

The buckets should be of the Pelton type in which the jet
impinges on & sharp edge which spiits the stream into halves.
Each half-stream then undsrgoes a change in direction of almost
180° before leaving the bucket. The buckets in present day
Pelton turbine instsllations sustein impulsive forces of over
100,000 1bs. and have satiafactory resiatance to cavitatlon
effects, Thus the design of saticfactory buckets should not
be too difficult.

The hydrapult shuttle is a foree transmitting member only
end can therefore be fairly light in weight., It must support
the buckets and the bridle hook and be capable of withstanding
the forces involved. The shuttle may also have attached to it
certain simple mechanisms necessary to activate the valves
waich control the jets. It may be necessary to offset the
deck slot from the center line of the noxzzles so that there
is no possibility of a Jet strean coming through the slot.

#"Handbook of Applied Hydraulios®™ - Davis, MoGraw=-Hill, pags 517,
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As the exhsust streams leave the buckets; they will have
considerable veloclity. It may thersfore be neceszsary to use
louvers of some sort in the sgides of ths channel so thati the
fluild does not interfere with tha shuttls or the jat streams.

For cold weather operaticn, the fluld used may be some
1iquid with & low fraszing point and with ths density for which
the hydrapult was designed. Heaters may be used to warm exporned
surfaces if necessary.

Valves and Nozgzles

Barly in the considerations of the hydrapult it was realised
that the turning on and off of the many jets of water or other
fluid must be done so precisely as to make the specificatione of
valves severe. The valves rnust sesl against high pressure when
they ars closed. They must be positive in action, never opening
at an undesired time and always opening et the propar time, They
must open quickly and completely, s0 that ths jJjet of fluld can
exert its full force on the shuttle for the proper length of
time, The flow must cease at the proper instant. I1If the flow
ceases ahsad of time, the full impulse will not be given to ths
shuttle. I the flow laats too long, large quantities of fluid
will be wasted. The enlargement of equipment required tz handle
and atore this extra volume of fluid could becoms serious,

The four major factors that must be considered in designing
valves suitable for the hydrapult are listed below. They will
be considered in order.

1. Velooity coefficient
2. Presasure

3. Timing

lie Cross~sectional area

The valve must not reduce the velocity of fluid flow
drastically, elither through causing turbulence or the introe
duction of other restraints. The open valve should preasent =
smooth hole of the proper cross section through which the fluid
can flow. While design of a valve which is satisfactory in this
respect will certainly require careful consideration, it ie
cortainly possible.

The pressure at whioh the valves must cperate is well within
the range of pressures now employed in standard engineering
procedurs.

The timing of the movement of the valves is a matter of
great importance., The fluid flow must start as soon as the
first bucket on the shuttle is in a position to intercept the
Jet, and 1t should reach full momsntum as soon 28 possible.
The flow should cease as soon as the jet can no longer
efficiently engage the last buckst on the shuttle. Sinoce
the shuttle is not of great length, the time ("on-time") for
which ths fluld flows from a given nozzle is quite short.
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1% ia particulerly shori after the shuttle reaches 2 high
velocisy., The on-time san be ocmputed from simple kinematio
considorations. Assuming tho use of water &o a fluid,

&3¢ & 10=foot shuttle with siz ducketz apaoed st 2-foct
intsrvals, =nd sssuming & 200-foot run with & constant
ssceleration 2f Lg, one cbtalins the valuss showm in the

zable beloy Zor the onetimes of nosxles at differsnt psaitions
along Shs run.

One«tips
0 Lot 32 x1illigeoconds
50 ?bo
100 73
150 oC
190 L2

Sinoce the on-time is of the order of S0 milliseconds in
somo instancss, it sesms desirsblis tc use a velive wioch will
opsn in 5 milliseconds or less. Valvee having S millisecund
opening times ars apparently foaasidle in ths pressure range
dezired, The following information quotod from a letter dated
26 Juns 1952 to Warren B. Snyder from M. N. States of the
Chicago OWR office, indicates that cemmercial valves approaching
the rsquirements of the hydrapult exist or can be mada.

1. "Ackomatio Valve Company, Inc., 400 ¥, Michigan Avenus,
Chisagce This firm has svailahle as stock iftems 000 pai

, fast soting velves in 1/2, 3/4 and 1 inch diameters.
Representativo prioce on the 1 inch valve is $250 each.
They do not have information on the speed of opening or
closing except to claim theat they are ‘very fast\ They
ciaim that ths A. 0. Smith Company ia Milwaukse rocently
tested valves of this type, using 3000 psi hydrogen and
founi reliable lifetimes extending to 1 1/2 million
operations. Atkomatic feoels that they ocould design and
build a valve to meet your 4000 psi 50 milliseconds
riormally olosed valve requirement.®

2. "Normsn Briginsering Company, 2115 W. Marqustte, Chiscagc.
This fim is the Chicago representative for the Skinner
Eleotrio Valve Company, Horwalk, Connecticut. They astate
that your requirements are certainly within design

POBBADILILY & Vaaw vimy sevsnviy pitSssssd an soder

for Armour Reassarch Foundation for a 1200 psi 2 sqge inach
opening, 700 gal. mineral oll per minute application with

a 5 millisecond opening and clozing time but with a iimiteQd
1ifetime of about 1000 cyslesze. Thsy stated thal any requeat
for pricing on development valves nhould s 2ddreased to

the home office of the Skinnsr fim."
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3. "Marine and Industrial Products Company, 115C W. Marquette,
Ouicagoe HMr. Vincent MoCeffery, Sales Manager, sdvised
hat this firm routinely furnishes sxtremely fast asting
large valves for AEC, many of which have specifications
for up te 20,000 oparations per minute. Mr. HoCaffery
stated that he would be pleassd to quote on the design of
a guitabls valve if vou will furnish him complata
specificationa. He is of the opinion that your require~
menis would necessitate the use of an air sssinted
solonoid valve oparating on 110 or 230 volts. He felt
that his compsny could design and build velves to meet
your specification.” .

The closing time of the valve should also be of the crder
of 5 milltseconds, simnly to conserve fluid. Sinca it ApposTw
feasible to construct a valve with & S millisecond opening time,
it would appear feasible also to design it with an equal olosing
time were it not for the fact that one would like to close it
egeinst a high fiuld pressure., This requirement will make the
design difficult. One way of aveiding the diffioculty would be to
mstsTr L5y indspendent means the amcunt of fluid flowing through
sach jet. The valves can thsn de closed essily and leisurely.

Aotivation of the valves &t the proper instant is highly
important, It must be done by t:is shuttle. Satisfactory
activation can ceftainly be accomplished, though it may require
an undesiraole complexity of gadgetsa.

This group has made no attempt to design an sppropriate
valve and control system. It does wish to call attention,
however, to one possible method of controlling the fluid flow
without using & conventional valve. The method is simple and
has certain distinct adva‘nugoaﬁ but it also has disadvantages.
The method consists of using & "trigger cap™ to turn the fluid.
Set on, and an accumulator to furnish a metered amount of fiuid.
When the mstered amount has been furnished the jet ceases, and
the trigger cap can be reset at atmosphseric pressure.

™e trigger cep might consist of a flet metal plate
covering the end of the noszle, one edge of -the plate heing
hinged to a side of tho nozzle and the opposite edge of the
plate being latched to ths opposite side of ths noszzle. As
the shuttle reaches that position at which a given jet should
come into play. 2 projection on the shuttle releases the latah
holding the ocver plate in place. The high pressures fluid in
the nossle pushes the cover plate open, and the Jjet oporates
until a metered amount of fluid has been spent. Some mechanism
will then return the caps to the closed pcsition. This mechanisxa
sould be controlled manually or sctivated by the arrival of the
shuttle at the end of Lts run.

One of the major difficulties in such a sysitem would be
the design of gaskets which would not allow the cap to leak
when subjscted to high pressurs. A hollow tloxibgo,
pressurissd gasket has been used -uoooutuily in similar
situations. A tubular gasket mede of reinforoed rubber is
embedded in the face of the nozzls against which the ocap fits,
The cap 1s closed while the hollow gasket is at atmospherie
pressure; the fcros required would be smalle After the ocap

- Ay _ 3

is latched s gaskei is infiated to a pressurs siigntly larger

tof pal e ot ¢
B A e e b

S

WS Rl Bk
A I il

o
Y 4 R
A AR

W i



e S B g S o T U A Y B T S Y e

than the marximum pressure to be exerted by the fluid inside
the nogele. The inflated gaaket, 1f properly mounted, would
provids a good seal.

The method of controlling the fluid flew suggestad above
has several distinct advantages over the use of oonventional
valves. It provides for quick opening and for a proper seal.
It siiminatas the necessity of closing and opening agaipst a
large pressure, It is reccgnized;, hovever, that the msthod
presents several difficulties. Both the hinge and the latch
which hold the cap oax the noszle must be heavy. Dashpots
would probably be necessary to absorb the energy cof the cap
after it opens. A relizable mechanism woculd be necessary to
relatch the caps. Alternate infletion and deflation of the
hollow gaskets would have to be provided for. Meny of these
difficulties would te elimineted if a conventional valws with
the required operating characteristics oan be made.

The fourth oconszideration in valive and nozzle design is the
oroas-sectional area. The aggregate jet stream ares which must
play on the buckeis will now be computed approximately. ULet
P (1bs.) be the tot:l ror? ] )rtod on all shuttlo(bu Yss&;
fluid of densit slugs/ft. aggregate arsa A (ft.
jot velocity v y(?t/“g?) strikes ggg‘g ckets on the shuftle
which is movin® with a velocity vgn (ft/sec.). Alsc, let § be
the an%lo between the direction o1 wue jeot velocity and the
direction of the shuttle travel. Furthormore, let it be
assumed that the Jet emerges from the bucket at an equal
angle S .

The foroce sxerted by the jet streams upon the shuttle
buckets 1s equal to the aggregats rate of change of momentum

in the jet streams. Hence, if there is no loss of stream
velooity during contact with the bucket,

F = 2/3.A 'J (vj Cos & « vah) .

If allowance is mads for an assumed S per cent loas of streem
velocity during contact with the bucket, the force is given by

F= 1.95/0A \£ (v'1 Cos & = vgap)

Thus the aggregate Jet area required 1is

P
A =
1.95/0 vy ('j Cos & = vgy)

Coneslder a hydrapult operating between pressures of [00Q0
and 2500 psi and accelerating a 50,000-1b. load at Lg for a run
of 200 feet. The aggregate nozzle area A from which fluld plays
upon the buckets at any instant will depend upon whethsr the
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dosign employs unit accumulators or one large acocumulator. If
unit accumulaters are employed the jet velocity used to celculate
the &rea should be that corresponding to the sverage pressure
3250 psi. The calculated aggregate nozzle arsa A ranges from

17 sg.in. at the start of the run to 26 sq.in. near the ené of
the mun., If a singls large accunulator were used the Jjet
velocity at the beginning of the run would be that corresponding
to a pressure of 4000 psi, whereas the velocity neesr the end of

the run would be that corresponding to 2500 psi. The correspond-

ing aggregate areas range from 1l to 43 sq.in, In elthier case,
if the aggregate area were divided equally among six circular
cross section jets, the Jet diameters would fall within the
range froa 1.7 to 3.0 inches.

The operating pressure range {Py = 4O0C psi and Pr = 2500
psi) for which these calculations have been cerried out is not
the optimum indicated by the equation derived in a later section
for the minimizaticn of weight. Larger nozzle diameters would
result if the calculations were scarried out for the optimum
pressurs range, but even then they would be less than 5 inches.

Power Plant

The hydrapult would require a high pressure pumping system
with a suitable powsr supply. Indicated below are two types of
pumps, one small and ons large, which are currently available.
The =mall one would be usefui only with small unit accumlators.
The capacity of the large one is comparable tc ths capacity
required if but a single large accuwmlator is used,

1. Dowty Rquipment Ltd., Choltongtm, England%hmtmufncturos

& small two-stage Vardel pump™ which has the following
specifiscationss

5 13.5 1bs. weignt
uoggnpei 85 % efficiency
3900 rpm

2. The Worthington Pump Co. manufastures a larze pump which
has the following specifications:

2140 gpm €000 1lbs. weight
4020 psi 6300 horsepowsr
10,000 rpm

Thus 1t seemsa that there is available at least one pump which,
with some wodification, would be satisfactory for hydrapult
service.

The choice of power supply wili depend upon the puxp used

@8 well as upon such factors as convenience, resistanes to batilas

damage, ease of repalr, weight, simplicity and reliebility.

# "aApplied Hydraullcs," July 1952, page 90.
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Poasidble power supplies are the electric motor, the steam turoins,
the gas turbine and the piston type aircraft engine. From the
standpoint of convenience, resistance to battle damage, eafse

of repair, and reliability, the electric motor is the most
desirabls. The chief disadvantage of the electric motor 18

the weight per horsepowsr. For instance, the electric moters
used to supply power to thg present H-8 cetapult weigh 20
ibs/horaepower. A 4O x 10° ft.)b. hydrapult firing at 30-sec.
intervals would require about 7500 horsepowsr. If 20 ib/horse~
power electric motors were used the weight of the motors would
be 150,000 pounds. Possibly by using evaporative cooling
techniques the weight to power ratic could bs reduced to 4 or

5 lbs/horsepower. This would redusce the weight of the required
power unit materially.

If the high pressure pump opsrates at a high apeed, say
10,000 rpm, gas or steam turbines might be uzed to advantage
because of their light weight and their relatively high
effislency at high speeds,

A _PROPOSED Lo x 108 £t.1b. HYDRAPULT

Th%l section will deal with the general design of a proposed
0 x 109 r£t.1b. nydrapult capable of acoelerating a dead load of
0,000 1lbs, et g over a 200-foot power run. This aocceleration

and run lead to an end mpeed of 227 ft/sec. (155 mi/hr. or

135 knots). wWith a 30 knot wind over the deck, this speed
corresponde to an air speed of 165 knots (189 mi/hr.)e The
discussion of this propcesed hydrapult will deal first with
gensral features of the design, seocond with the requirsd power
plant, and third with the weight of the inatallation.

General

The msss to be sccelerated will consist of a dead load
of 50,000 lbs. and a shuttle with buckets of about 4000 1lbs,,
a total mass of 54,000 lbs. Assuwaing that the fricticnal foroce
is 14,000 1bs., the Jets must exesrt on the shuttle a foroce
given by

P = 54,000 x iy + 14,000 = 230,000 lbs.

Preliminary calculations have indicated that an average
accumulator pressure of 3G30 pai, corrssponding to a Jet velocity
of about 668 ft/sec., represenis & good compromise bstween
conflicting fluild vclume and power plant requirementa. As the
Jet velocity is increased, the total weight of fluid is
decreased, but since the efflclency decreasss the size of the
powor plant will increase. A representative plot of the
veariation of these two requiremsnts for a slightly smaller
capacity hydrapult is shown on the following page.
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Since constant pressure operztion is diffiecult 4f not
imrogeidbls to obtain, & pressure rangs from LO00CO psi initial
to 2500 psi final was sslected. This corresponds to = pressure
ratic of l.4. With sir aes ths working medium, and with an

adiabatic expansicn, the ratic of fins) to initial volums will
be

- /1l
r o7
28[—1 = 1.6 mi‘lou
Vi Fa_

Step by step calculations at one-foot intervals have shown
that, using water as the fluid, a thsoretical amount of watar
of 12,700 1bs., or 204 ou.ft., would be required. If & 10 €
increase for contingencies is allowsd, the totel displacement
water would have & volume of 22l cu.ft. and & weight of
1,000 1bz, From the same step by step calculations, the
total initial air voiume in the socoumulators was found to bs
508 cu.rft. At the end of the run, the totel air volums will
be the sum of 508 and 224, or 732 cu.ft. These figures check
well with the quantities calculated from the more genersl
development in Appendix A.

Poxwer Plant

The pump ocapacity must be sufficient to force & volume of
water equal to the displacement volums, 224 cu.ft., iatc the
high pressure aocumulators. The pressure against whioch the
pumps must work is initially 2500 pei and rises to 4000 psi
as the accumulator rams are returned to battery. If a 30-

second lsunching interval is used, the volums of fluid pumped b
per minuts will dbe

N 224, x 2 x 1728 = 3350 gpm. e.'
231

Q

Using 3250 psl as the average pressure against which the fluid :
must be pumped, and assuming & pump efficiensy of 85 %X, one T
finds that the powsr regquired ia e

3250

Power = 0.000583 == = 0,000583

P 3350
E 5

x -
— = 7470 norsssawan,
e

The pump must be capsble of delivering 3350 gpm against a
meximum pressure of LOOC psi. Two of the Worthingtecn pumps
mentioned on page 22 would constitute an adeguute arrangement,
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The pump 22y ve driven by any aultable prims mover. From
ths atandpoict of convsnience an elestric motsr drive would us
most satisfactory. However, to produce an output of approximateiy
7500 horsepower from induction moters weighing sven a&a little as
5 pounds per hersepowsr would require a motor weight of 37,500
1bse If the saving in weight is deemed to justify the added
canplexity, alroraft type engines or gas turbines weighing
perhaps 2 pounds psr horsapower sould be used. Their use would
reduce the prime mover weight to about 15,000 pocunds,

The over=all efficiency of the hydrapult from prime mover
shaft to kinetic enargy of the plane would be

6
g = Average power output _ 100 o 2 x40 x10 x 100 = 32 % o
Average power input 470 x 33,000

Weight Estimates

. 6
i ight of th o8e 2 x 10 telb
hsdraggitoztii‘nguwgas%at?mntaa §§°§o§a d%ring 1nd§v1dn;117
the probable weights of the components.

Aocumulatory

In iater oonsiderations having to do with the mininisetion
of the weight of the hydrapult, an expression giving tix» wsight
in pounds of a spherical steel acoumuletor of volume V cu.fte.
and maximum pressure Py psl 1s dsveloped on the assmptlion that
a stress of 26,000 psi 1s allowsble in the steel. This expression
{see page 31) 1is

wt. = 00028 P1 V L 4

The proposed hydrapult requires an accumulator of 732 cu.ft.
volums (ses page 25) operating at a maximum prezsure of LOOO psi.
Substituting those numerical values into the above expression
gives the following weight for the s&ocumulator,

Wte, = 0,028 x h,OOO x 732 = 82'000 lbs.

Pump

The Worthington pump mentioned on page 22 cperates at
44000 psi, hae & capacity of 2140 gpm, and weighs RQ00 1bs.
Sinoce the proposed hLiydrapult requires 2 pump whish will furnish
3350 gpm, it is reasonable to suppose that the weight of thais
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lerger pump will te given approximately by

3350
we. = 8000 avammam 12 SQQ 1lbs,
.-lho L

Power Plant

The proposed hydrapult requires & power plant of approximately
7500 horsopower. Il electris motors weighing 5 lbs/horsepower are
ueed, the weight of the power plant would be

Wt. = 5 x 7500 = 37,500 1bs.

Pigg (Including Noszles)

In later considerations having to do with the minimigzation
of the weight of the hydrapult, an expression is deduced for the
weight of steel plgo of density 480 1lbs/cu.ft. and maximum
allowable stress 26,000 psi which would be required for an

installation operating at maximum preesure Py psi, having a
fluid displacement Vq cu.ft., and providing & teminal velooity
Ve« This expresaion (see page 3l) 1is

| 7 2
Wt. = £.0 x 10”7 Ve Py V4 o

This expression should provide an adequate allowance for the
nozzles also. The proposed hydrapult operates at a maxixum
pressure of 000 psi, requires a fluld displacement of 22l eu.ft.,
ana provides a terminal veloclity of 227 ft/sec. Substituting
these numerical values into the above expression leads to the
following w=ight of the piping.

Wte ® 5.0 x 1077 x 227° x 4,000 x 22 = 23,000 1bs.

Control Equipment

The welight of the control equipment needed is sstimated
as 10,000 lbe.

Shuttle

The welght of the shuttle, including buckets, 1s estimated
as 000 1lbs.
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water Braks

In view of NAMC Report M=5110 entitled, "Performanas
Analyais for the Proposed XC-7 Catapult,™ the weight of the
wetsr brake required to stop the shuttls is estimated as
5000 1bs,

Retrieving Mechaniam

The weight of the shuttle retrieving mechenism is estimated
as 3000 1lbse.

Alr

The air charge in the accumulator is assumed to be at a
temperature of 120° F. Since the accumulator contains 508 cu.ft.
of air (sse page 25) at a pressure of [000 psi, the welight of
the air 1is given by

PV _ 4000 x Wl x 508

R 23.3 x 586 #1500 1lbe.

Hte =

Fluld
The total volume of fluld in the system ias assumed to be
twice the displacement volume. The displacement volums is 224

cu.fte (see page 25). If this fluld is assumed to be water,
its wolght will be

Wte = 2 x 224 x 62.44 = 268,000 1lhe.

Fittings

The weight of fittings is estimated arbitrarily as
10,000 lbs.

Contingencles

An additlional 10 per cent 18 allowed for contingencies.
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Total Welght

The sstimated weights of the componente of the proposed

hydrapult are assembled in the f{ollewing table,

Component
Acoumulator

Fump

Power Plant

Pipe (Including Foszles)
Control Equipmant
Shuttle

Water Brake

Retrieving Mechanism
Aly

Fluid

Pittings

Subtotal
Contingencies 10 %
Total weight

Estimated Weight

82,000 1bs.
12,500
37,500
23,000
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MINIMIZATION OF WEIGHT

Sinoe the choice of a number of parsmeters enters intc the
decign of @ hydrapult, it seems worithuwhils to examins the ¢ffect
of the variation of certeain parameters on the total weight of
the hydrapult. In this seoction, thsrefore, csrtain dsfinits
assumpticns concerning the design will be made and the %totel
weight will be expressed in the form of an equation. The
relation existing among certain parameters for the condition
of minimum weight will then be found.

The components of ths hydrapult which will require
consideration are assumsd to bo as f2llows:

Spheriocal Accumulator

High Pressure Pump

Prime Mover for High Pressure Pwmp
High Pressurs Piping System, Including Nozsles
Air Charge in Acoumulator

Fluid in Systsm

Control Equipment

Water Brake for Shuttle

Shuttle

Retrieving Mechanism

Pittings

Contingenciss

A general expression will now te developed for the weight of
saoh individuel component. The ssversl expressions will then
be added to give the total weight of the hydrapult,

Bxpression for Weight of Baach Component

In order to investigate the possivility of minimizing the
weight of the hydrapult by proper sslection of certain parameters,
it will be necessary to express the weight in terms of theae
paramesters. The parameters chosen are initial pnressure, iaitial
volume of the air charge in the ascumulator, fluicd diapiaoemnt
voluxe, and, in one instance, the terminal velocity.

Accumulator

The acoumulator will be assumed to be spherical in shape.
It can be shown that for the aame configuration and the same
atress in the material, the total weight of acoumulator
necessary to oontain a given volume is independent of the
number of acoumulators used. One adoumulator large enough teo
contain the neceassary volume will therefore be assumed for the
purpose of this weight calculation.

For a3 thin walled spherical vessel of inside diamzter D
{(or inside radius r) and wall thickness t subjected to an
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If the allowable stress ie taken as 26,000 psi, the required wall
thicknsas is

1’?1

t =73 " 57,0 P -

The weight of a spherical shell of inner radius r, wall thiockness
t and density L is given approximately by

" hwr%a

. .
Whe = LarTtS = T3ESE Pi

But
Y3 = 3 v

whaere V is the volume contained by a spherical shell of inner
radius r. If one substitutes this in the equation for. the
weight, and assumcs the material to be stesl of density

4SO 1bs/cu.ft., 2% obtains

wt.n%,'—gg—o-l’lv.OoozaPlv.
’

®» ®m e W e M e eoe W O ® P @ m e ®® B B @ U W W & W e * ewm e e

# Thsse expresslcns are ccecrmct only for a vessel with a
vanishingly thin wall. More rigorous expressions could
be used. They lead to a more complex expr2ssici. for the
weight. Since the entire satimate of weight i3 only
approximate, and since at a pressure of {000 psi the
approximaticn used here introduces an error of less than
S per cent, the added simplicity warrants its use. The

epproximate mothod yields a weight which is 21i:hily too
lowe




Bigh Pressure Pump

The equation for ths weight of the high pressure pump is
based upon informetion converning a high pressurs pusp
manufsctured by the Worthington Pusp Company. This pump
( l? 22) has an cutput pressurs of 4000 pai, a gggaeiw of
Zgu grm, sud a speed of 10,000 rpm. It weighse C 1bs,
mitnput power of 6300 horsepower is rsquired Lo drive the

. un ®

If a launmching oyoles c¢f 3C seconde is assumed, and if the
volums of the displacement fluid im ocu.ft. {volums of fluld
through all ths noszles) is donoted by V4, “he following
expression gives the pump capasity recuired.

2 Vg x 1728
Cepacity = ‘L?Sf = 1L.95 Vq gpm

If the fusther assmnpt'i.on that the weight of the pump 1s
direotly proportionel beth to ths capacity and to the pressure
is made, one obtains the following for the welght of the pumpe.

wt. = 8900 x m;::ovd x E%ﬁ = 0.0l Py Vg

kil

Prime Movesr for High Fregésure Puap

The weight of the primeé mover to drive the pump will depend
greatly upon the type of prime mover chossn. Although the choioe
will b determinaed by a number cof faotors, a turbine drive would
offer some distinut advantagesz if the pump used were one of high
speed., It appears that airsraft type ges turbines heving =
weight to pewsr ratio approaching 1 lb/horsepower may be
feasible. The 8000-lb, Worthington pump mentioned previsusly
requires a primsc mover of 6300 horsepower. As an approximation,
therefors, it will be assumed that ths weight of the prime
mover is equal to the welght of the pumps Accordingly,

Sl aiii i S S e P e T 2o o e SR

Wte = 0.0114. P1 Vd °

High Pressure Piping System, Including Norzles

For & cylindrical pipe of inside diametser I and wall
thicknoss ¢ subjected to an interior pressure Py, the stress
S is given by

F DP1
S-W »
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If the maximum sllowabls atreas is taken &5 26,000 psi, the
required wall thicknesa is

D Py D
teFT "BEE AL

The weicht of a pipe of length L, inside dismater D and wall
thiclmeszs t i3 given approxnutogq [} 4

¢ wRLe
Wi, = mtLe = m Py

where o is the density of the material.

It hes been assumed that the total amount of fluid fin the

tem 1is twioce the dlsplas nt volums Veo If Ch% ansumes &
%:ucond interval bowgon ﬁ?ampult .hoti, and doaigﬁ tl:o :
ow is

piping system so that the maximm velooity of fluid
100 ft/sec., he can write

w D2 2 va
m 8100--33- ¢
Benos
2 b va
b -

Substituting this into the last equation above for the weight,
assuming that the pipe 1s of stee) having a density of 480
lbs/cu.ft., and performing the indicated opsrations, one obtains
the foll for the weight of the pipe.

L x 430 L Py Vq -5
Wte = TB50 x 35,000 T 20X LPiYam It By

whesre
iV = 205 X 10-5 L .

# This expression is ocorrect only for & pipe with a vanishingly
thin walle A more rigorous expression cculd bte used, It
leads to & more complex expreasion for the weight. Sinoce the
entire estimate of weight 1s only approximate, and since at
a pressure of L000 psi the approximation introduces an erropr
of only 8 per ocsnt, ths aimpliocity of the axpression to whkiah
it deads warrants itc use. The apuroximete method ylelds a

weight whieh 12 alightly too low.

R
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ngn of pipe I, will éo?oad‘. upon the deasign of e
h:&upult. puuouhr, 1t will Gepend upon the length of
the runj it will not depend uppnohbly upon the d¢easlign agcels
eration. A3 A considorsd estimate, lat it be assumed that for
a 200=-fcov un 100C feet of pipe are required. This amcwmt
should previde an adequate allowansce for the noszles alsd.
Henos, L' = 0,025 and

Wte = 0005 Pl Vd .

If 4in order to obtain a highsr design lerminal velooity ¢ne
uses the same design acceleration but a longer asccelerated run
one ocan argue with some logio that the length of the ml
be approximately proportionzl to the square of the te
veloeity. Le.v it be assumed that this proportionality exista.
Oonsistant with the au\npuon of 1000 feet of pi for a 200>

foot run, the length of pi red for eny dea veloelity vy

obtained with an accelerat on o 4g 1s . given by
L ® 0,020 v,2 from whiesh L' = 5.0 x 10~7T vg®
Sudbstituting this valws intc the expression for the weight,

Wt = 5.0 2207 v 2R v, .

Exphesis has been placsd upon ths dependence of pipe weight
upon v, for ons reason. The process of minimizing the
hydrtp&lt ight depends upon whethesr the weight is a functiomn
cf the terminal velosity. By way of oxample, it is desired te
ainimise the weight both under the condition where the weight
is not a funotion of v, and wiwre it is & funotion of wge As
will be seen later, thd results are somewhat dirgferent.

Alr C in the Ao ator
The weight of the air in the acoumulator ocan bs caloulated
from ths general gas formula. If the temperature is teken es

120¢ r., pressure as Py psi and the volume as Vy oul.ft.,
ths mi@t cr the eir ia given by

Wt. '%'%‘0.00&7 P‘l?l\

Piuid in the System
I8 hss been asaumed that the tetal volume of fluid in the

sysSer 1s twiee the dlaplacsment volume Va. As that the
fluid s watsr, one odbtaina the following for its weight,

Wie = 62,4 % 2 Va L 125 Va
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Rema ining Ce:mgomnte

The wsizhts of other components of the hydrapult will
dapend but little if any upon the pressure and volums chosen.
Some, the water brake for example, will depend upon the terminal
velocity. In the general cass thesze weights should really be
oexprosssd in terms of v, and any additionsl parameters nsosssary.
The weights of these otRer components ere relatively small, howe
ever, and ths manner in which they are handled will have but
littls offect upon the results. They will therefore be assumed
constant, with tha valuwes shown in the following table. The
manner in which the weight of the pipe 1s handlsd will serve &as
an example of the procedure to be followed if one should desire
to express some of these weights &s functions of vge.

Componant Assumed Woight
Control Egquipment 10,000 1lbs.
Watsr Brake 5,000
Shut tle 4,000
Retrieving Mechanism 3,000
Fittings 10,000

Total 32,000

Expression for the Total Welight

An expression has been deducsd for the weight of each
component of the hydrapult. The total weight of the installa-
tion iz the sum of the several expressiona. Thus,

Total Wt. = 0,028 Py V + 0.0l Py Vg + 0,014 Py Vg
+ 5.0 x 1077 v, 2 p) Vg + 0.0047 Py V5
+ 125 V4 + 32,000 .

The total acoumulator volume V can be expressed in terms of the
initial air volume Vy and the fluid displacement volume Vae

That 1s, V = V4 + V4o If one eliminates V from tho lact equation
above and collects szimilar terms, he obtains the following,

Total Wt. = (125 + 0.056 Pl + 5.0 x 10_'7 vta Pl) Va
+ 0.033 Pl Vl + 32,000

An addition of 10 per cent will be allowed for contingencies,
Thus the final expression for the weight of the hydrapult
installation becomes

Total Wt. = (137 + 0.062 Py + 5.5 x 1077 v, % py) Vg

+0.036 Py Vy + 35,000 .




Minimization of the Totel Waighi

It is desired to minimize tetal weight of a hydrapult
installation designed for any specified terminal velocity. In
order to do this it 1s necessary thet V. and V4 whioh appear
in the expression for total weight be eXpreassed in termus of
other quantities. let R = P1/P;, the ratic of the initial
to the final gas pressure in"thZ asocumulator. For an adiabatie
expansion from volume Vi % volume Vyp

X k -
PpVy = PaVz =Py (Vg * V4

from which
1k .
and
\'f Ya
1"” .
/% .

In order to evaluata V, it will be neocessary to use the
following expression (page g9) which is developod In Appandix A.

M M
v B o s m 1 - =
q 2P [. 'off.J

In this equation M is the load in 1lbs., © the density of the
fluld, vy the terminal velocity of lhe load, and vgpp the
effective jet velocity. It will now be necesasary %o detsrmine
the average effective jet velocity to use in this equation.
Although the calculation will be ocarried ocut on the assumption
that unit accumulators each supply only a few Jjets, the results

should not be gZreatly different were one large aoccunulator to be
used.

The manns» in which the jet velocity varies with time has
bsen considered earller. This conalderaticn led to the follow-
ing relation (page 11), in which ¢ = 12,18 C, where Cy 15 the
nozele coefficlent, and in which A, is the nozzleo area.

e R -k/(k+2)
k X k+2)/2
ye o [ong B2 o vE v 0]

1 |



one finds that

Assuming that C, = 0.98, knowing that Vope ™ V3 Coné 4in which &

is assumed %o oe 15° (in wnich case C = ii.‘? aﬁa C Cosd = 115},
and rearranging terms, one obtains

-k/(k+2)
. N B k+2 An £ +1
Yéff = 1105 m 11.9 7 \/?— T _j

In order to find the average effective Jjet velocity during the
time interval t =0 to t = T, during which the pressure changes
from its initisl valus 7y to itz final valus P, = Py/R, one sets

T

p
AV, '.rr i ",E f"rt at &
(¢]

Substituting the value of vypee given ebove, performi the
1ntogmtion, substituting tﬂa limits, and !.nsorting e value
x = 1,40, one obteins

0.97 vy | I Ky T 508000 |
Av"ott--;n_'i‘— L20.3\/P-1—9-1—+]j -—‘ o

*

For convenlence writs

An T
f = 20, 3 ﬁl vl °
Then |
AVe Vopp = l:f + ];\ - ll

By evaluating the equation for vy on page 36 to obtain the initial
jet velocity vy at t = 0 and the"final jJet velocity vp at t = T,

(k*‘Z)/k 29“28
V1 Y1
o) G
2] Vo
FPurthermore,

vy /Pl.vﬁ— ,

—-V_



Henos

i 2.1:26
1.2l
(7+1) =| 2| * R .
L¥a,

Substituting this valus »f (7 + 1) and the corresponding value
of 7 in the third from the last equaticn on pags 37, one finds
that the average effective jet veloolity ia glvonm by

RTH Ly
AVe Ggpe = 197 VP ;{‘:z—u-:——; .

The purpose of finding this aversage zf{fective jet veloecity
has been to use it in caloulating V- If thes value found dbe
substituted into the aquation for Vg given on page 36, ons finds

that
1.2 1
X [ v (R -] }

Vd."—"']-n
2 19.7 V¥ [30‘71“ - 1]

4

Now that expressions for V, {(page 36) and V4 (Just sbovse)
are available, it is pozsibls t¥ express the total weight of ths
hydrapult installation in terms of quantities which are suitable
for investigating the possibility of minimization., Theo total
weight of the hydrapult (page 35) has been shown to be

7.2
Total Wi. = (137 + 0,062 Py + 5.5 x 1077 v,° By) V,

“

+ 0.036 Pl Vl + 35.000 ®

If ths values of V, and V4 are substituted into this equation,
ons obtains for th; total weight of the hydrapult

ol v [R2 - 1] }

Total\llt.l‘»-fz—-lnll-

| cF L™ " 197 vhy [ %7 L 4] o

: -7 2 b Y
+ 0,062 Py 4+ 5.5x10 " vy Py 4+ 0,036 Py - i
S - & 0071‘{ l
R = 1-_}

+ 35,000 .
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™is expres2ion takes acoount of the faoct tiiat the weight
of the pips required is a function of vee A8 pointed out &a
pages 33 and 3, the weight of the pipe is givsn by

We, = Lt Pi Vé

where L' = 0.328 for a 200«foot aeoelerated »un, or LV =

5.5 x 10=7 ve® for any length of rum which results in a terminal
velocity vy With an acceleration Lge These numerical values of
L! inscluds the 10 per ocent which was edded for ocontingensies.

In order that the minimigation of hydra ultzwoight can be earried
out for either case, term 5.5 x 10" v§ appearing in the
last equation on page will be replaced By L'. Thua the total
wolght of the installation becomes ) .

Total Wt, o --E-hil_l- 'tLRhm.l‘ -] LJ?
. l_ 19.7 »/r_l[n"’m* . JJ L
+ (0,062 + Lt) Py + m + 35,000 .

It 13 dezired to minimise this \ni?xt for axy chosen
terminal nleoltz v.s Two intsresting faots are obvious from
the equation. Pirst, the weight of the hydrapult is Aireetly
proportional to the total masa M to bs acceleratsd, that s,
proporticnal to the sum of the mass of the plane and thé mess
of ths shuttle. Seocond, for design terminal n1001t¥ v
the weight of the uuu.ihtion 8 an explicit funstisa o t&
variables and R Thus, proper selection of thease $wo
variables 1 lead t0 a minimum weighte The minimm will
oocour when

L(W.)-O and L(“O)-o
-3 29 OR

simultaneously. JIn order to find the values of and R whioch
make these partial dsrivatives gerc, one differentiates ths igt
written expression for total weight with respect to Py and w
respeot to R, sets ezsoh derivative equal to Zero, and sclves
the resulting two simultansous equations for Py and Re The
details of the solution are given in Appendix &. page 83, vhare
the solution hzs been carried out for each of the follsuing
casess> (a) For a hydrapult with a 200=foot accelersted run,
regardless of acceleration, in walochk case L' = 0,028; (b) Por
e. hydrapult of any isngth run _buté an aacsleration of » in
which csse L' = 5.5 xu\gc" v¢Z. Minimization for the latter
case will sorve as an oxample of the prodedure to be followed
in case it ia dasired to e¥nress tha waichta of ona or more
componsnts as functions of v, as well as of Py and R.
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Tablez insluded in Appendix C give the vajues of and R
required to minimize the welght for various veluss of £

velssity vee The iwsulis are somewhat different for the two

cases mentioned above. The optimum values of Py and R for each
cass are showm by the curves on page Ll.

It should dbe smphasizsd that the equation for the total
vsight of the hydrmpult is based upon a series of assumptions
about the several ocsomponents., If different design assumptions
ars 2ade, the oumeriocel values in the weight equation will be
changed. If rigorous expressions (for example, thcse mentioned
on pages 31 and 313) are used throughout for calculating the
weights of samponents, the expresalon for total weight will
include powers of other than the first power. Under these
olrcumstances the minimisation is more diffiocult, dbut &t can
still be ocarried through. The important oonclusion is Shat
there will always exiat for eny design terminal voloois Ve
an ogtim initiel pressure P, and an optimum ratlio R
initial to final pressurs whilh will lead to s hyarapult of
ninimm wesight. The optimum values of Py, and R corre

spending
to any terminal velocity which may be N&uired in the foresesable
future are not impracticabdle.

By obteining the optimm values of Py and R from the curves
on pege 41, and uzsing the equation for tohl weight ziven ¢a
Sige B, 1b. i possible o Saloutate Wha welgh$ of W minlmém-
we lght- esult required to give r depign lcad H &asign
terminal velosity ¥,. For example, let it be desired to
socelorets a2 50,000-1b. plane Lz ir & run of 200 feet, thus
giving the plane a terminel veloaity of 227 ft/sece From the
curves on mo 41, Pq = 2430 psi erd R = 2¢123. Auud.ngoa

1lb. tle, an& assuming a friectional foree of 1,0 ibs.
which is equal to the foroe that weuld be required to ascelerats
an additional mess of 3,500 1lbse. at 4g), the total effective load
. M would be 57,500 lbs. Csalculation of the hydrapult weight frem

the equation on pags 39, in whish L' = 0,020 in this instance,

leads to a total weight of 183,000 lbs. Thais figurs for the
woight of & minimum-woightehydrapult should be¢ compared with
the estimatsd waight of 247,000 1lbs. (see page 29) for a
hydrapuit designed to accomplish the same job when operating at
an initiecl pressure of 0G0 psli and with a ratio R equal to l.6.
It is oclear that the weight of an instellation can be reduced

materially b{ designing the hydrepult to operate at the most
favorable wvalusc of P1 and R.

The weicghts of minimum-weighi-hydrapults to give an
effeotive load of 57,500 1lbs. terminal velocities of 100, 200,
227, 300 and 375 ft/sec. have been caloulated in the manner
1{llustrated above. Calculations have been made for the twe
following ceses;- (a) Por a hydrspult having a 200-foot
acoelerated run, the eccsleraticn being whatever is neocessary
to produce the specified terminal wvelcelty; (b) Por a hydrapult
having an accelesraticn of g, the length of the run heing
whataver ls necessary to produce the specified terminal wvslooity.
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The esults areé shown by the curves on page 43. It iz impertant
to note that et the higher veloocities the weight of an installa-

ion required ts produce a given terminal velocity ia leas if
this higher wvelosity is acquired by irncreasing ths acoceleration
and kasping the length of the run fixed than if it ie obtained
by using a fixed sacelsration and inoreesing the length of ths
TN

It should be pointed cut that although the curves om page 43
are for an effective load of 57,500 lbe,, thsey can also by used
to determine the epproximate weight of an installation required
for any other load. In the development of the expressios for the
waight it was assumed that the weights of certain scmponents of
the hydrapult remain constant and that they totel 35,000 1lbs.
(see page 35, and recall that 10 per cent has been added for
contingencies.) If these welghts actually remain constant the
wolght, Wt.,, of a hydrapult for an effective load My would be

Mo
Wt.2 -'i; (\ut.1 - 35,000) + 35,000

whee Wt.y 1s the weight of the installation for catapulting an
effective™load M; for whioh the assumed constant weights are
presumably correst. Actually, &s the mess of the load incrsases
the weizhts of at least some of these compcnents would increase.
They night even increase in such a manner as to be proportional
to the mass being catapulted. 1In this case ons could write

Ht. « = Wi, .

It ia of interest to compars ths sstimatsd welightis o
hydrapults for different terminal velocitiez with the weights of
other types of catapults. Welght versus terminal velocity data
for H-type and C-typs catapults have been taken irom NAMC Report

Mo, M=4805 ontitled, "Comparison of Hydraulic and C-Type Catapults,”

and dated October 1948. They are reprocduced by the curves on
page ly. On this page 2180 are welght versus terminal velocit
curvea for hydrapults Jeslgned to catapult dead loads of 25,00
50,000, 100,000 and 200,000 1lbe. at various terminal velocolties
attained with an acceloraticn hg: The sesond expression given
above was used in calculating these weights. Inapection of
the curves shows tnat the estimated weight of & hydrapult is
comparable throughout to the weight of an squivalent C-type
caetapult, PFurthemmore, the weight of a hydrapult increasen

no more rapldly with inocreases in terminel velocity than it
doas for a C-type catapult.
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' The caloulation of the performance surve (icad versus
torminal welooity) for a given hydrapult 4ependes upon the

method of caloulaticn used in determining 1ts designj the

result is neocessarily somewhat approximate. T aimplify the
caloulations of performance, use is made here of the assumptions
describad amd the results obtained in Appendix A for an idealized
hydrapult. Prom the tabular results given {(page 68) in Appendix
A, a ourve of hydrapult load versus terminal velocity san be
ocnatruoted for either of two operating conditions, ccastant
pressgure or oconstant total energy input. In the followd the
supsrsoript ® shall refer to the value for the design load.

Constant Operating Pressure

At_constant pressure the jet ve].ooit&v is constant for
all loads and equal to v;®, that for the '} load. Tho

te 1 veloocity v, is éhorororo P rtioral to the quantity
Vi/Veze 8iven in ths table on p‘? of Appendix A as a
rune%ion of the locad M. In partiocular, for the hydrapult
designated in Appendix A as Case A,*

Ve ® 750 X 0.98 vo/vepr = 735 wp/vere Tt/sec.

= 35 't/'otr inots .

Por the hydrapult dosignated as Case B..

't = 695 X 0098 'd'.ff = 681 'J'.rr rt/ﬂ'@o
= 03 ¢i/vqpp Imots .

The table on page 68 1in Appendix A gives corresponding values of
load M and the quantity '&/::rf for both cases. The constant
pressure is 3790 psi for Cas ard 329 psi for Case Be The
calculated values of load M and terminal velcoity vy at constant
pressure are shown for both hydrepults in the table on page 48
and by the ocurves on page 4%.

.-----o---‘cn-cu-‘---.---o--o-‘-.

# Case A represcents a hydrapult which will give a total load of
100,000 1lbs. en acceleration of 3.5g and a terminal velocity
of 300 ft/sec. in a [00-foot run. It has 100 nogslas spased
li fest apart, and the fluid displacement is 420 ocu.rt. It
operates at & pressure of 3790 psi.

Case B represents a hydrapult which will give a total load of
50,000 1lbs. an scceleration of 4.0g and a terminal veloeity

of 227 ft/sec. in a 200-foot run. It has 100 noszles spaced
2 feet apart, and requires a fluid diasplacement of 162 ou.fe
It operates at a pressure of 3250 psi. )



Gonstant Energy Imput ; ’

At comnstant total energy input equal to that requirsd fo@
the dasign load, the end speed iz szloulated from he tedulated
valus of ve/Vere corresponding to the arditrary load ¥, zad the
caloulated value of the jet velssity vy required to give the
arbiirawry load the specified constant dnergy inpute Using
eéquations 3§ and 35 of Appendix A, one finds that the oconstant
total energy input E4 1s given by

ol o2 r el H'gz ']
B = ""““{;L“‘ - (ve/Vore) | = - & h[l AN UK

Likewise, one finds that the required jet velocity vy is givon by

® /u' in [1 - ('f/'ofr):_l
T 1n [1 - (vy’v,:g)]

k- Ealid

Incidontally, sir.ce ths pressure P = i/av"ay

oM 121 = (ve/vare)’]
[+ ln[l - (VJV.“jJ‘ 5

This gives the preasure P required to fumish ths constant
energy input By” to the arbitrary load M.

Ps P

Now the end speed v is given by

3 \ﬂ- 1n [1 - (vp/vere)’]

bl . Coad v, .
Vorr Yoff § VE I - (ve/fvgee) ]

vy ™ vJ Cos &

The table on page 68 of Appendix A gives for each valus of the
load M the oon*ug.cnding valug of 'g;.gto Prom the squations
above ons ocalculates the correspond end spcads vy and
pressures P, Inserting numeriocal values for the dohgn lcad,
one obtains for the hydrepult designated as Case A,

6.57 x 104 (ve/¥ers)

Vy = knota,

1
‘A 108 T (9o ez



p2i.

4t
]

i
3‘_{1

%8 1 - (vi/Yers)

For the hydrepult designated as Cass B,

3.78 x 10“' (Vt/".“)
& Iciots,

and

20865 x 107
P = pei.
1

1 - (ve/Yerr)

¥ log

Tho calculated vaiuss of load M and terminal vslocity v, at
constant energy input are shown for both hydrapults in the table
on page 48 and by the curves on page 4j9. The tadble also 1lists
the corresponding values of the pressure P, )

7
The figure on pa? 49 gives six performance curves,
Gurves A, &nd Bp are for the two hydrapults operating at
constant pressurs; curves Ap and Bp are for the two hydrapults
operating at oonstant ermergy¥ inputj curves Cq and C., are for
the C=7 and C-10 slotted tube catapults, the only ozgapulu

of oomparable oapacity.

One further aspect of performance which should bé inveati-
gated is the bahavior of a given hydrapult for pressures too
high or too low for the partiocular load, or for loads too heavy
or too light for the particular pressure setting. While the

drapult does not pcasess inherent "phase stablility," that ia,
the abllity to speed up lagging loads or slow down thoas
acoglorating too rapidly, analysis shows thet scceleration
variations are vaery small and definitely delimited. For example,
too iight a load is accelerated more than planned for the design
load, but ths acceleration is rapidly limited to a value only
slightly in excess of that for the design leoady the end speed
likewise 1s on.y slightly greater than Luat for the desiga load,
This limitation of acceleration, inherent in the basis principies
on which an idealized hydrapult is dbuilt, 1is gen=rally enhanced
in practice by construcstion restrictions szuch as the time lag

in valve opening.
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IN THOUSANDS OF POUNDS

LOAD

CASE

A

CONSTANT P

Ap

By

CONSTANT E
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-1
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\ \,\
N\ \
c-10
'{
- 25 - —
100 1 50 200

TERMINAL VELOCITY IN KNOTS




A2 described earlier for an idealized hydrapult, the bearic
conetruction (geometry) cdetermines the relation betwgqen iocad
weight M and the quantity v./v

to the end speed and

te

»

&pprox $££y

square root of the presasure:

¥ and vf/v.ir iven in the table on page 68 in
ve

which quantl
inversely p=
Prom the correaponding valuss of

ty is proportionel
oportional to the

Appendizx A,

coitiss can be caloulated for arbitrary variations
of load weight and pressure from design values.

The end speeds

in knots for variations of 10 per ocent and 20 per cent in either

direction for both weight and pressure ane given in the following
teble for the hydrapult designated as Case B.
the design load is 50,000 1bs., the design prsssure 3250 psi, and
the design end speed 13.4 knots,

M in 1lbs,

40,000
45,000
50,000
55,000
60,000

FPressure P in psi

For this hydrapult

-~

2800 2930 23¢  328¢ 3900

132.3 1403 147.9 155.1  162.0
125.8 133.5 0.7 147.5 154.1
120.2  127.5 134.4° W10  1YT.2
115.4 12244 129.0 135.3  141.3
111.0  117.7 1241 130.2 135.9

It may be noted that even in such an extreme case as a
20 per cent overload with a ZO per cent low pressure setting,
the terminal velocity is but 18 per cent less than the dosign
value; or for a 20 psr ocent underload with a 20 per cent high
pregsure sotting, the terminal welocity is only 21 per cent more

than the design value.

In general load weight veriations and

pressure setting errors will be considerably leas than 20 per
cent, and ths effects on terminel velccity will be quite small.
Thus neither "runaway" nor "ocold" shots are inherently likely
to ocour except through gross serrors in operation,

- ® o & o » & g - o o

0 W w @ o

- o @ ® © w o e

- - m e e

# This represents conditions for the design load, pressure and

ond spsed.




It 1 of intersst tc dstermine whether the valve and nozxle
requiremsnts for & hydrapult besome prohibitive ss the hydrapultl
design ie axtrapoleted to higher terminal velscities. The
principal factors that mist be considerad are pressure, fluid
on-times, and nozzle &reus.

The optimum initial pressure Py and the optimum retio R
cf initial to f£insl pressure (P]/P‘_} for a spoclified teminal
veloocity vy can be obtainsd from tﬁ. curves on page Ll. Valuss
for four terminal velocities are shown in the following table,
both for the case of a constant 200-foot length of accelerated
run and for the cass of & constant acosleraticn of Lge

of 200 Peet iriansrits
= n ; n "
200 rt/sec. 2130 psi 2.123 2250 psi 2.165
227 21430 2.123 2430 2.123
300 3270 2.123 3020 2,005
400 L820 2.123 4120 1.855

The terminal velocity of U400 ft/sec. is sufficiently high to
cover reasonable future requirements. It corresponds to the
valocity attained in a 200-foot run with an acceleration of
12.4g, or to that attained with an asceleration of [4.0g in a
621-foot run. The pressurs required for minimizing the weight
of a hydrapult having this terminal velococlty is not unreasonably
highe

The time for which any particular jet flows would beccms
rather short for a terminal veloocity of 40O ft/sec. A 10efoot
shuttis (effective length 12 feet) travel 400 ft/sec. would
be acted or by & given jet for only 30 milliseconds. Tha
desired jet on-time is therafore at least{ approaching a lower
practical limit., It is only six times the time required for
the jet atresm to bulld up to 98 per sent of its maximum
velocity. Extremely quick acting valves wouid be recuired to
insure satisfactory operation and eonsarvation of fluid. The
on-time could be doublsd by doubling the lsngth of the ahuttle.
At such high speeds & longer shuttle may be desireble for other
reasons also.



Consideration of the required nozszle areas is somswhat
moere involved. Nevertiwless, certein approximate calouiatisns
oan be made. It has been ahown (page 21) that the aggrsgate
nozsle area 4 frem shiak fluid of density o must play upon the
shuttle dbucketa in order %0 exert & force P is given by

F
a 1=?vaj .(v‘1 cos & - Yon)

A

where v, is the jet velocity, v, the shuttle velocity, and &
the angle between the dirootion %f the jJev r»elocicy anﬁ the

direction of travel of the shuttle. 'rlumutx sv cosp & z
has been designated as vgpee 3ince vy, encd v 4, vary s
the pressure deasreasec dur{ng discharge of the acoumulator, a
question arises as to what Jet velocity ashould be used in
caloulating the noszle area. The valus will depend upon whether
one large accumulator or a group of unit accumulators i1s used.
Caloculations will be made on tho assumption that unit accumue
lators are used. It has been shown {pages 38) thet the average
valus of v ee for an adiabatic sxpansion of air from a pressure

Py to a pressure Py/R 1s given by

(g% . 3
Lo

Yorr = 19.7 ‘/rl

Using this with appropriate values of Py, and R obtained from the
table on the precesding page. e&nd auvm.t%g en angle § of 15%, the
following values of v. and v,pe have been caloulated for various
specified values of términal volooity v.. All velocities are
given in ft/sec. v

Conatant Run Conatant Acceli-

on
of 200 PFeet eration of h.g_

¥y Yors M ] Yott
200 L4i9 b 458 Ly2
227 480 463 430 463
Sl

14,00 670 647 650 626

¥



Assune a load oconsiating of a 50,000-1b. planc, 2 14000=1be
shuttle, and a frictionsl forsce of 1,000 lhs, If one Z3sumss
the use of unit escumulators and uses the above values of ¥
and v to caloulate the largest sggregete nogzzle areaa (tRose

neer the end of the run) required for various terminal nieoﬂl"
5 sttainsd with sccslerstions & and mccelersted runs g, and if ool
e assumez that this aggmgato area is divided equally smong eix

noszles playl simultaneously upon the shuttls buckets, e
obtains the Jet diemeters D given in the following table.
Velooities are given in feet/second, distances in feet, aress 1n
square inchss and diametere in inoheac

gonstant Run, 200 PFeet Constant Acceleration, 4g
L ¥ A D . A D
200 31 66 3.8 155 76 40

227 0 77 4.0 200 77 40
) 300 7.0 11 5.0 350 71 3.9
400 12.4 158 5.8 621 59 3.5

The table shows that 1f a hydrepult 1s designsd for the
values of Py and R whioch lead to a minimum weight, the wequired
nossls diamster does not inorease too rapidly with ineretses in
terminal velocity even in the case for which the length f the
run is kept fixed. In cass the acceleration is kept fixed, ths
diame ter aotually decresses sliightiy witih increases in terminal
velocity. The decrease results from the fact that the optimum
Py inocreases as the terminal veloocity increases.

It should be emphasized that these estimates of nozzle area
are based upon the assumsd use of unit ascumulators, in whioch
case the average jeot velocity is the same for all nosszles regard.
less of their locations along the run. Were a single accumulator
to be used, the jet velocities near the end of the run would be
lower {(due to the doorease of pressure) than thcse near the
beginning of the run. Areas of nos:tlas near the end of ths run
would therefore be correspondingly larger than those near the
beginning of the run, and also largsr then those which axe
required if unit acsumulators ar¢ used, PFor example, with a
single accumulstor and a terminal velcsity of 227 ft/sec., the
diame ter of the largest nozzle is 5.2 in., wheissas it was but
4.0 in. for unit accumulators and the sams terminel veloolty,



co Q

In this report the University of Kansas group suggests &
poseible multi-jet driven catapult, herein referred tc &s &
hydrepult, and discusses the feasibility, general fosturses of
construction, and pesrfomance of sush & devisse. Although
oconside rations of the hydrapult are nscessarily approximats,
certain significant conclusions eare warranted. They will be
stated briefly.

1. Basically the hydrapult consists of a series of high
pregsurg fluid jets distributed uniformly alor;f the
catapult track. These jets impinge upon a series of
Pelton~-type buckets attached to a moving shuttle. The
josts arw controlled so that they flow only while engaging
the shuttle buaskets. The thrust upon the shuttle is in
general provided by a serles of Jjets asting simultaneocusly
on the shuttle; there is sufficient overlapping of jet
Jmpulses to provide a ocontinuous thrust.

2. The general design featurea of ths basic components «f the
hydrapult have been considered individually. Most of the
components are of fairly standard design and should vequire
& minimm of developuent work. Certain flowe-versus-time
charaoteristics of high pressure jets and of quick opeaning
velves neod Iurther investigation before accurate designs
can be mads. The valve problem would require an appreclable
emount of development work.

3. It appears feasible to build a hydrapult having as large
a ocapasity as will probably be required. The weight of a
hydrapult installation for a given ca»acity appears
reasonably lowe The weight does not inocrease too rapidly
&8s the design is extrapolated to higher terminal veliocities,
As regards the weight of the installation end the rate at
which the welght increases with design terminal velooity,
the hydrapult is quite comparable to the Ce-type catspult.

Le The basic design of a L0 x 106 ft.1b. hydrapult has been
congldered in soms detall, This hydrapult would accelerate
a 50,000-1b. airplans at 4g and pgive the logd a terminal
veloocity of 227 rt/sec. (135 knot2) in a run of 200 feet,
The weight of the major oomponents, ascumulater, pumps
prims movers for puaps, plpe, control equ'pment, ahuttio,
water brake, retrleving mochanism, compressed air, fluid
and fittings, 1s estimated to be 27,000 lbs. Some
optimism may have been exercised in sstimating the weight,
but it 1s felt that the figure mentioned is attainable.

A soparate study of weight minimization indicates that a

more Judieicus cholce of operating pressure and expansion
retio would lower the estimated welight of this hydrspult

to 183,000 1bs. The over-all efficisney of thw proposed

4o x 3.6 ft.lb. aydrapult is 32 per cent,




S

6.

Te

8.

The choice »f operating pressure affects the weisht of a
hydrapult installaticn in two ways. PFor = given input
ensrgy, tue use of a highsr fluid pressure results in a
smallor volums of fluid being required, and hencs in &

' smaller total weight. On the other hand, the higher riuid

pressure, producing higher jet velosities, results in &

lower efficiency. These two competing effects ocombine %o
dictate sn intermediate operating pressure which will lsad to
a hydrapult of minimum weight for a given terminal veloeity.

A general study of weight minimization has bsen made. The
total weight of a hydrapult installation has been expressed
in terms of the initial operating pressure P, and the ratio
R of initial te final pressure. se values of Py and R
whioh lead to a minimum valus of the resulting expfession
for weigh% have been determined by aporopriate mathsmatiesal
methods. Curves showing the optimvm values of Py and R

for different design terminal velocities have bo*n obtained.
Curves are shown (page 41) for two cases:- (o) For a
hydrepult having a 200=-foot accelersted run, and whatsves
acceleration is required to produce the specifiocd terminel
volooity; (b) Por a hydrapult having an noceleration lig and .
whatever length of run is necessary to produoce the apsoified
teminal velocity. Ths minimization that has been earried
out has been lergely by way of example. Ths speocific results
obtaimed will depend upon the marner in whicn the weights of
such ocomponesnts as the pipe, the control equipmsnt, ths
shuttle, the water brake, ths retrieving mechanism and the
fittings are judgsd to vary with temminal veloocity. The
specific resulits of ths example presented here are quali-
tatively correct over the ontire range of end spsed oon=
sidered; they should be reliable gquantitatively up to end
speeds of 250 to 300 ft/sec. Bayond this speed the obtaine
ing of reliable resulta would necessitate a more thorough
eveluation of the weights of certain componente in terms

of terminal veloocity.

Inoluded in the report are curves which zhow the weights of
hydrapults to give a 50,000-1b. plane various teminal
velooities, the hydrapult being designed in sach instanos
to operate at the optimum values of P, arnd R. Hydrapult
weight versus terminal velocity curve ure shown (poge L43)
for each of the two caseés mentioned in 6.

Performance curves {load versus terminal velooity) for the
hydrapult have been calculated both for constant pressure
and {or constant ensrgy lnput. These curves (page L49) ere
similar to those for the C-10 and the C=7 catapults.
Invsstipation has shown that although the hydrapult does
not pussess inherent "pheze stability," opemation with
locads and/or pressures as rauah as 20 per cent highsr op
lower than the deasign load and/or pressure will nct cause
objectionable variations from the design acseieration and
termuinal veloocity. The variations are definitely delimited,
Neither "runaway' nor "cold" shots are likely to occcur
axcept through gross srrors in opersetion.



9. The hydrapult offers a number cf cistirct advantages, and
has some disadvantegss. Soms of its advantages sres

8¢
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"Q g‘ 4!';{54, e B

é.

(-1

b oS

Soms

It is a direct drive catapult, and therefore not
subject to the limitaticmna introducsd by ths use

of oablea. If it is desired, the hydrapult cean of
cource be used as & cable drive catapult up to those
velocities for which the limitations of cable drive
become prohibitive.

It provides R good card factor, if uniform acceleration
is desired, If for psychological or physiological
reasons an accsleration patterm other than that
correaponding to uniform acceleraticn should be
desirsd, the hydrspult has 2 sufficient number
varisable perameters to give any zeasonable ccoce
pattern desired.

of
lavation

The hydrapult hag an unusual amount of flexibility
which allows adjuatment for different loads and
different teminal velocities, Practicablie changes
in the number of nozzles in operation and/or in the
operating preasure are sufificlent to sccommodate
for a wide range of loads and snd speeds.

The hydrapult uses falrly standardi components. Only

a few, in particular tha quick acting valves and the
mechanism for controlling the valves, would require an
appreciable amount of development work. The only ocn-
celivably intricate mechanism in the insztallation is
that associated with ths valves and thair control.

The hydrapult has no critical parts aubject to
excessive wear or to fallure as a result of fatigue,
This 1a in contrast, for examnle, to the sealing
strip in any slotted tute catapult.

The hydrapult uses ship power, a highly desirable
feature. No serious problem of loglstics 1s
involved.

The hydrapult has a reasonable weight for a given
capacity, and the total weight doss not iacrease
too rapldiy as the dosign is extrapolated to higher
terminal velocitiss.

of the disadvantages of a hydrapult are;

It hes a falrly heavy shuttle, a characteristie
foeature of direct drive catapults. The shuttle
welght will certainly be greater than that of the
H-type catapult, probably somewhat greater than that
of the C-type catapult, probably somewhat smaller
than that of the steam catapult, and certeinly
smalle» than that of any possibie electropult,



be The hydrapult would introduce a considereble top-side
weight, apgein & characteristio feature of direct drive
catapults. However, the amount of top-side weight
introduced by the hydrapult is probably less than
that for any other type of direct drive installation
el squal capacity.

6. The fact that the hydrapult requires high pressure
acoumulators and piping is & disadvantage. Howover,
the high pressure sccumulators are no more serious
than in thse case of the HK~-type cetapult: nor are
the high pressure accumulators and piping any more
sericus than they are fer the steam catapult,

de The large volums cf fluid required represents a
disadvantage for cold weather cperation. The fluid
will either have to be some antifreeze sciutlon, cor
it will have to be protested from freezing by
euxiliary heating.

10. In Part I, "General Report." the University of Kansas group

has axpressed the conviction that major development of
catapults for the future should bs directed primarily
toward direct drive catapultss The group believes that

the hydrapult may prove tc be one of ths two most promising
direct drive devices, the nther being the steam catapult.
The asteam driven catapult 1is a&lready a practicable dzvice,
though a sreat deal of work will be required to extend it

to torminal velocltles required in the future. Sinumltaneously

with further development of the steam catapult, the group

recommends serious further conslderation of the advisability

of development work on the hydrapult.




APPENDIX Ao GEOMETRICAL GCONSIDERATIONS OF AR IDEALIZED E!DRAPULT

The geomstry of a hydrapult, that is, the spacing and cize
of the nozzlea, is determlnad by the 2cceleration pattern,
capacity, and terminal velocity desired, and by the pressure
available. When the geometry has been sstablished, then the
performance, fluid requirement and afficiency ars all easily
determineds To i1llustrate the relationships among thess
quantities, snd to caloulate severel noszle sirzes for hypcthet-
ical hydrapults, an idealized hydrepult may be defined as in
ths following treatment.:

Consider a sgstan: conalsiing of K noztles oguany apaced &
diatance b apart:¥ there will be nozzles at x= 0, b, 2b, « : ¢ »
mb,....?n-lib. Let ihé rioggle areas be o Ays Aoy o o o o
Any o o o o Apy_q respectively. ILet the nogzled be inclined at an
angle & to th§ %orizontal. Finally, let the jets impioge on a
single bucket on the shuttle, the hei:ht of the bucket being not
leas than b tan §, s0 that just as the bucket leaves ons Jst

it enters the next.

Equation of Motion of the Buckset

Consider the bucket struck by tha jet from the neszle at
x = nbe The problem may be treated &s one of ccllision, in vhieh
enorgy and momentum are both sonsorvsd. Let the incident jet
velocity be w,, the return jet velocity w,, the fluid density p,
the total shuttle mass M, end the shuttle velocity v; let the
angle betwesn ths return stream and the line of shuttle iravel
be #. Neglecting the conversion of some kinetic ensrgy into
"heat through frictional losses, the conservation of energy leads
to the first of the three following equations. The oonservation
of momentum leads to the sscond and third of the three squations
regardless of frictional loasas,

1 2 _1 2 dav

Shavnpvn =SV pe¥r *HYFE (1)
Ap W W, 0083 = = A. W w o@sya-uﬂ'. (2)
n ¥n P ¥n n ¥n p ¥r 3t

An"nf’"’n ain § aAnwnPwrsinﬁ . (3)

Equation (3) may be solved to give



from whiah

., cos § = VL,Z - wna sin?s (k)

From equation {1},

Mv-—--—-w—nﬁ(un -\52) . (5)

dt

From equations (2) and (4),

x._..‘” p (g co8 8 + g2 = w2 a8 ) (6)

Bliminating N %E and resrranging, c¢ne obtains the expression

B L 2y cos s + \ﬂrz - Unz zinc d . (1)
Sin]cz in general (w - wrz) ¥ 0, equation (7) may be solved te
yie

vZewZalv(uoc8S-v) . (8)

Substituting this value of (w.“ = v.2) into (5), one obtains the
following for the equation of’n motioﬁ of the busket. Thia
equation holds within the range nb < x < (a+l)b.

2 Ap ¥
d:-——-ﬂ—riﬁ(wn cos s - v) . (9)

Integration of the Equation of Motics

> ol 'ﬁ‘ﬂaﬁvf@' (frd

Let the time at which the bucket arrives at point x = nhp
and the velocity with which it is moving at that time be
designated as

v e v, and t-tn.




As the bucket arrives at peint x = (n+ljb,

AL VO ‘ and t = té*i o

Then by intogution of equation (9) betwoen these limits, ome
obtains the following expression relating the veloocities at ths
beginning and the end of the time interval.

2
- ._.‘:_M (tpe1 = &)
wp 008 S = Vasl T (un 08 § = "n) € {(10)

By integrating equation (9) twice between ths tims limits
corresponding to the times of arrival at successive gcta. one
obtains the diatanoo b between jetse Thus, forns

2’ s o ¢ o K= »

b =wy 0088 (tn,; = ty)

2 Ap ¥ P ¥ ]
(“n cog S - a-" i [1 E' (tni-l t1:,)"'i

. 11
2‘3"1:,9 _] (1)

Hit.h b M end &ll values of w, and given forn = 0, 1, ¢ &
1’&»-. relations determille buckét (ahuttle) vélodlity v
u.m tixu at each noszls station. The initial veloocity v, is to
o taken as sero. The teminel velocity and total time gr- thoae
at the end of the N-th seotion, that is, vy and ty respectively.

Note that these two sets of relations involve variables of
several kinds. The variables K, A, », § and Db are determinesd
by the iastallation and conriiurl on. The velooity is
de termined in part by the installation and oconfigurati®n, but
also in part by an experimsntal variable, the pressure Pe The
quantity M is determined Ly the load. The v's and t's are
dependeni veriables, asubject, however, to the following
oonditionst= (a) vy 18 the terminal volocity v,, which is
Setermined by load 'requirementsy (b) The acoolgmtion must not
exceed a spocified maximum. =

Consider N, 0,8, b and M £} ud.. Thesn romainr ve sets o
variavles, wy,, 'g+ln vn, Ap and These five sets o

variahles are no dependent; tbay u.ro relatod by oquationl
(10) ard {11)e 1In gcneral ons might suppose it possible to
assign arbitrary valuss to thres of these and caloulate the othew



two from squations (10) and (1ll)e That this is not gsnerelly
possivle may be shoun in the following mannsr. Write

U, = {% +3 ” tn), and subatitute equation (10} twice in equation
(El). ha results in the eguation

Uy (Vne1 * ¥a)
Wy 008 5 - V),
Wy 008 § = Vn,

{12)

b'oa"n ooe &

which may be written in the fom
ﬂh 00848 - 'n 'n’l - 'n

Wp 008 § = Vnei . W, cos S - bTun 2 (13)

in

v v, and are chosen arbitrariliy, this transcsndental
g;uu‘ﬂﬁ 390011‘129 the valus of w,e The &umtity A, may then be
caloulated from squation {(10) in the form

v, cos & - Ya

M
An-z"'nf m"’n“'-" nél (L)

Howevar, like many transcendental equations; egquation (13) has a
non=trivial root only in speclal cases. Deéfine ths symbol

Gy ® Wp 008 & = Vpu.
80 that (15)
v -v
'n cos & = 'n+1 + n*:n - °
And define the symbol
Vn41 = /Ty
= . (16)

Then equaticn (13) becomes

a.
1n(1+a,,)-‘i"7§:!!; ) (17)
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The roots of this squation are distributed as follows:

Vaiue of &y, valus of Gy

n, §0 \

0 < hy <1/2 0, plus a positive root
h, = 1/2 o

1/2 < h, =1 0, plus a negative root

1< hy 0

QL naa

P Ba W

from equation (15) G, is obviously positive, equation (17)
has a

physically useful solutionm only for O < h, < 1/2. Thus
there are restrictions on the allowable values of vp,.;, ¥V, and
b/Upe

Simileted Uniform}z Accelerated Linasar Motion

Suppose that it i1s desired to approximate uniformly
ecceleratesd linsar motion by requiring v and t to have at each

nozgzle station located at x = nb the values they would have if
the acceleration were constant., It is easily shown that this
requires that form=0, 1, 2, « ¢« ¢« « N,

7

Vo= VZad VR

Unnvg-‘—lz(\/ﬁ:i'ﬁ) (18)

in which & is the hypothetical soceleration (actually the space

average). In terms of the terminal velooity v,
2
Yy n o
& and Yo = Vg V‘i «v, Vo .

(19)

Now from equation (16),

gy

bl

. gt ol ¢
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But for - = 0,
a device will produce
Only the trivial case of nc acceleration at all can approximate,

in these tems, the corresponding uniferm acceleration.
still convenient to retain the restrictions given in equation
(19), that is, to retain something epproximating uniformly
accelerated motion insofar as the veloclties are concerned., The
calculated time intervals will then determine fiuid volume,

efficlency, etc.

- g (20)
& b
\/2abv5r~\/—2—_§(\h_*i_-\/ﬁ) }ﬁﬁl-%(vﬁ-ﬁ'd»ﬁ)-é

hn- - & - vﬁ\-ﬁi-ﬁ

VZ 4 b (vn+l - vh)

Henco, it i3 impossible to build such
a uniform (constant) acceleration.

It 1is

Geometry of a Constant Jet Velocity Hydrapult

Consider now a simple case in which all jets have the same
velocity we Egquations (10) and (1ll) will then determine the
various values and the corresponding Upn values. By
subatituting equation (12) or (13) into equation (14), one
obtains, forne=1, 2, « s+ « o li-1,

M cos § wecosd - vy VA vy
A" 2p1b 2P0 Llnwcoas -V Vatl  w cos 8 (Vhsl - vh)

«(21)

I
H
I
—d

From this one can calculate the desired nozzle areas for a given
configuration, load and terminal velocity. If the jet velocity
w is adjusted for different desired terminal speeds so that

Vi i
=53 T = T o = constant, (22)

then all loads of the seme mass M will use the sames track
regardless of the desired end speed. However, and unfortunately,

it is not possible to adjust the single parameter w to accommoe
nor even to accommodate

date all variations in both Y and M
variations in M regardless ofty te 1t might be possible to allow

for small variations in M by maintalning the quantity M coss

constant, that 1is, by tiliting the nogzles. Perhaps two tracks

with different spacing b and variable angle § might be fsasible,

Now for this sume special case one obtains from equation (12)
forn’l;e.....N‘l. ’
b
U, —
vy (Vh+l - vh)

W co8 & =

. (23)

w cos é -vlvh
W cosd = vy Vhtl

1n



6L

Pronm equation (9) one can calculate the acceleration at the
beginning of cuch stage (a,), and that at the end of sach stage
(an )o

(w cos ¢ )2 1—1 vy \E—l‘rln W cos S - vy Y'Y
"coaé.dL_ W coss _vlm

" w cos s J (2)
. (w cos & )21' V1 \/'T#l'r wcosd - vy Vvh
- D l_ ¥ °°35_jL woos$ - vy vhel
vy (VAT - vR) | i
w cos § J :

Calculations of d a.n' for selected values of

an
n have been made for t o hypotge tical caeses. Tho configurations
chosen for the two casos have the following apecificationsg

Cass 43 ¥ = 100; b = fest; cos S = 6.98 w = 750 ft/sec.;
P = 379; nsi. M 100 000/g .,luxzs- v. = 300 ft/agc. =
204.5 mph; P = 62.5 lbs/cu. Tte; g = 32.2 1't/se63.%;

averago acceleration = 3.4,94¢g; tlu.id displacemnt =
L}lg cu.ft,

Case Bt N = 100; b = 2 feet; cos $ = 0.,98; w = 694.9 ft/sec.;
P = 3255 psi; M = 50,000/g slugs; v = 227 ft/sec. =
1548 mph; £ = 62,5 lbs/cu.ft, g = 52.2 ft/886.2;

average acceleration = {.000g; fluid displacement =
162.2 cu.ft,

The calculated values are shown in the table on the following
page.
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Performance of the Constant Jet Velooity Hydrapult

Suppose now & track is designed to give simulated uniformly
accelerated iincar motion to & dea2d losd of mess M®, with
terminal velocity v¢® and Jet velocity w°. It is now nscessary
to determine the behavicr of different ioads on this sams tracky
more specifically, it is nscessary toc determins whether w can be
varied in such a way as to give any arbitrery mass M an arbitrary
terminal velocity vy¢. It 18 to be noted first that in any cane,
the space average scosleration & 1s given by

Q= vt2/2 Kb .

Henoce, if thare exists a limiting maximur value cof this apase
average acceleration, then there also exists for a given

cetapuit configuration a limiting msximum value of vy which is
given by

:
Ti(max) ® VA N D oy, - .
3 e
In practice, since there will be fiuotuations in the sccelerastion, Eﬁ?
the ailowed limit for vy may be somewhat lower than this. e
The reietion betwsen the two cases now under oconsideretion ;i
arises from the fact that the same configuretion has been used

for both; although ths jet velocity w may be different, the two
have the same values of N, b and A,. Suppose the hydrapult has
been designed specifically for & load of mass M° and terminal

velocity ¥.°. Prom equations (19) and (21) one obtains, for
'alu’a Of ns o’ 1. 2' ¢ o o o N"l’

v
¢
1 ~-+vn
M® cos $ VN w® cos &
An 2,0 == v ° 5
1 - vael ¢
VN w° cos §

R W ] .

VN w® cos & V86D

But also, for any load of mass M, fram equations (12) and (14
or equation (21), one finds that for veluss of n = 0, 1,

)
- M
e o N=1,
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1 e —B
M oos § [—ln w cosd  vpy) = Vn (27)
Ap = 2’,ob'[_ _ _Ynel ucee'fj g
w cosd
If A, is eliminated from equations (26) and (27), ons obtains ?%é
ve® E
A - \ﬁi_ e B i&h
r VN w® cos s b 5
¥ | 1n —— = (V&*1 = Vh) | =
1 - Vﬁﬁ Ve Vﬁ- we cos J_J Sy
VN w° cosd 32
, :;’3
= ¥ 8054 v - ¥ _‘?—;
= M| 1ln - n+l R ° (28) <
Ynel w cosd |
L. W gosd -
Now, if one writes out equaticn (28) for n = 0, noting that V5. " 0, —ﬁ
substitutes the result in the ecuation for n = ), and repeats ths =
proceas for suscessive n values, it is found thet, forn= 1, 2,
33 3 [ ] ® -3 a‘:i ;;
v-‘o 'to ] e
° = +
" lnl} vﬁﬂw‘ oonSj] VS-W_"" cos $
=y
n A v ‘]
- N [ln 1 - | + ——e| (29)
W cosd | W coss J
L
Note firast that squation (29& enables one to celculate the
value of v,/(w cos § ) at each stage (that ig, at x = n b where
n=1l, 2, ¢¢ ¢« N) for the arbitrary load on the standard track, g
Note second that equation (29) for n = N enables one to calculate
the required value of w to give the desired vy » v« Thus
3
v Ye¢ Au;{x
T L. T S . T
L Woos$§ | o cos § &
® ° iy
M° r vt Ve o =
—— 1n 1 B o —— e eamnem ptrerr . = (e
- 1 w® cos § w® cos § 1% o



Ths track wes designed for M°, v,%.and.w°, By solving tba
transcendental squation (30) one obteins the appropriate Jet
velooity w required to give the desired arbitrary terminal
velocity vi¢ to tie desired arbitrary load M on thisz =zams traocke.
For oomputitionnl purposes, it 1s slmpler to calculates M®/M

for specific values of v {v o088 § )e The table below gives
caloulated values of M (in 1bs.) for arbitrarily selected values
of the quantity vg/(w cos§ ), for the two tracks previously
designed and designated as Ceses A and B on page 64, Case &4
represents & track 40O feet long with 100 jet nozzles, dasigned
for a load of 100,000 1bs. and a tsrminel velogity of 300 ft/sec.
{204.5 mph); it has a Jet veloglty of 750 ft/sec. corresponding
ideally to a pressure (P = £ /2) of 3792 pai. Case B represents
a track 200 feet long with 100 jat norsles, desi d for a load
of 50,000 1lbs. and & terminal velocity of 227 ft/sec. (154.8 mph);
it has & Jet velocity of 694.,9 ft/sec.. corresponding ideally to
& pressure of 3255 pai.

M X

__Zl_go b ;'

¥ ool Ccase A Case B ¥ o0k Case A Cassy B
0.50 60,220 18,570 G.38 118,690 36,790
0. g 62,4 0 19,670 0e37 126,%30 39,180
0.l 65,900 ao,guo 2.35 134,850 i1,800
0.47 70,570 21,870 0.35 144,030 Ul
0.46 74,500 23,090 0.34 7,7
0.45 8,710 390 0.3333 50,000
0.4% °220 g§:79o 0.33 51,170
0.43 88,070 27,300 0.32 54,920
042 93,290 268,510 0.31 59,060
0.1 98,910 30,660 0.30 63,630
D0 Taose 3nEn 0.2 i
o. 2 [ ]
0.39  111.560 3u:530 0.27 &%;250

The table inocludes no calculations for values of v,/w coss
greater than 0.5; higher values might give lower o?fiolonoiol.
However, since it is the totel integrated efficlency that is
important, larger values might be fessible. (See later section
on efficiencye.

It is obvious from the table that & track deasigned for a
gliven load may still be suitathle for a wide range of different
loads, provided firat that the deaired and speed does not
impose an unacceptably iigh asceleration for a track of constant
length, and second that the required jet velocities for heavier
loads and highsr terminal velocitles do not require unecceptadbly
high pressures. Por the same averags acceleration, 3.494g, one
finde in Cese A the following conalstent combinationsg

- e @& m e e @ W e s U @ BB G W B G S ® ® o W O B W O o®en W o
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M= 60,20 lbs. M° = 100,300 1lba. Me Ul 030 loze
w = 612.2 £5/sss.  w® = 750 ft/sec. w = 87L.6 ft/ssce
P = 2527 pai P = 3792 psi P = 5157 padi :

In Case B, for an average accoleration of L.000g, ons finds the
followings

M = 18,670 1ba. M° = 50,000 1bs. M = 80,550 1lbae
w = 63,3 ft/sec. W® = §94.9 ft/sec. w = 857.9 ft/sec.
P = 147 pat P = 3255 pol P = 4961 pal

If higher socelerations can be tolerated, then higher
velooities may be considered., For a given load on a given

track, w is directly proportional to v¢; P is proportismal to
the aquare of vs.

In order to calculate the volume of fluld required and the
over-all efficliensy of ths hydrapult, it is convenient to sssume
"perfect cutoff,™ that is, to assume that each jet is open only b
vhile its stream impinges on the bucket. Under these aonditions
the volume V. used by the Jot uf area A, 1s given by

5

4

Al

,g

7
-
Vn L An L/ Un ° (31)
Bquation (1) may be sclved to give %
WCOBS = ¥
M n
v ln .
n* 2p W 008 = v (32)
The total displecemeni volume V4 of fluid used, with perfect
ocutoff, is given by
N-1
V=2 v, (33)
n=0 :

From equation (32) one then obtains the following expression fop
V4s This expression holds for eny load and any terminal vslooity,

vd.-

M w coeé - vy N r vt ‘J

Z/Oln W cod d t-.z;lnl_l-wooué (34}
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In oalculating ths cover-all efficiency .on an energy basls
it is to be noted thatl the Jet velocity w i3 the same for all
jets. The onergy input E; is therefore given by

1 2
The energy output is given by
Ko ” % M Ytz . (36)
The efficlency B is therefore given by
b3 2
] -2- M v - 2 vt?.
= 1 = vt - . (37)
S~V w2 w2 lnl—l - g
l L W cos$ g
Note that f 1s a maximum for
vt/(w ccad ) = 0.715 . (38)
The corresponding maximum value of the efficlency is given by
Boax ® 0.815 cons (39)

I% 1s interesting that the total or integrated efflclenoy is
greatest for & jet velocity considerably less than twise the
terminal veloclty., It would seem advisable to design the traok
and Jet nozzles to give this maximum efficlency for the load
most often sncountered.

Now conslder the accelorations for a load different from

the standard load for which the track has oveen designed. For
an arbitrary load, equations (24) and (25) become

[ woosd =vy  Vpay = ¥y |

-
'
= l1 - in -
&n b I W oosSJ] W 003 § = Vi, W oo8 § J

(40)
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(41) \.
2 -~ - T - T 3 PR 4 - .-
et o LM cOB8)" !—1 a4l _|f L ¥ ocha = ¥y ned a 3
' B ST, e . - SRSt aX = i -
n b ! w °°"S_J[ w cos $ - Vol W coss |

For the partloular track with stundard load M° one obtains a,°®
and &,'® by substituting w° for w and v;° VB = v.® \A%/Vénfo;n
Vn in thess equations. Combination of équation ?2&) with
equations (40} and (41) yislds

AR d ol E e B

in order to determine actual values of ap &and a,' the
tranacendentsl equations (29) may bs solved for the v values
and then these values may be inserted in either equatfons (L0)
and (41) or in {i42) end (43). However, some conclusions may be
drawm from equations (42) anu (43) without detailed calculation.
For the smaller values of n, where the larger variations in a,°
and ap'® from their space average are observed, both v./(w cos §)
and v¢® Vo/(vN w cosé ) are very small reletive to unity. Henoce
to a good degree of gpproximation,

M Zno!r— -w:c;as ~'
n® !'G'-’] | Vave | (42) \
L 11 = - . ! ;
7 VN w cos &~ .
R . 5
wj MO«: W CcOB o l ' 0
‘nl ul—;-rd M Il m Vto I&n . U-L3)
L VN w cos 8" %
T

- -

2 2 3

Tw]® M fWwl™ Mo 3
e,nNg;-;; =5 an° and %'lef "i' e, . (L4dy) 3
e

Since at constant vy (and hence constant space average accelera-
tion) w2 {s approximately proportional to M, the various accelera-
tions 2re not changed greatly by changing the load. The sevaral
accelerations increase with the square of the terminal velooity,

sincs w ia preportlonal to v, at constant load mass. R
Rewriting equation (42) for n+l, and then dividing by =
equation (43), one obtains, ;
%n+l +1° . B
- &nel or aTH’l aﬂ 5 (u()) &

anll .n| o ‘Y\+1° a_nl 2



The first part of equation (46) shows that the ratic of the

sscelerations at the beginning of cne ssction and at the end

of the previocus section is independent of both mass and terminal
velocity. Since tho results shown for both Cass A &nd Case B in
the table on page 65 indicate only relatively slight fluctuations
in these accelerations, no further calculations need be made for
other loads,

It may ba concluded thiat a hydrapult dosigned for most
efficient operation with the most scommonly encountered load
may &lzc be used for other loads, either heavier or ilghter,
and with different terminal velocities, by proper choilss of
the jet velucity. The Jet voloclity desirsd may be obtained by
delecting the proper pressure. PFurthermore, the acceleration
will exhiblit almost the same nearly uniform pattern in ail cases.
Also, the effioclency will not decrease unreasonably as the load
changes. Finally, it appears that extrapoclation to very heavy
loads snd high terminal velocities is entirely feasible. The
real limitations are the length of the power run possible, the
aliowzbls maximum accelercticon; snd the allowable maximum
pressurae.

Conslderstions on Variable Jet Velositiss

Xow consider briefly the possibility of using nozzle designs
which meke the individual jet velocities w, variable in some
convenisnt way., The simpleat and probsbly %he moat reassonable
way would be to have sach wy = fn B, where f, is determined by
the construction of the n-tg nos and its gnput system, and
where B i1s a single conatant for all nozzles, & constant
de termined M and v¢e Such an arrangement is physically
possikble. question now arises, how shall the quantities
Wn, Or B and £, be determined?

An obvious cholice would be to require that the efficiency
in each stage shall be & maximum. It is easlly shown, however,
using equations (12), (14) and (19), that this requirement lsads
to impossible results for low n valuss. In order to obtain high
efficiency at low bucket velocities, the Jet velocity rust be
low and the nozzls aresa corraspondingly large. For exsmple,
for Case A the calculated jet velocity from the firat noszle 1is
only 42 ft/sec., and the nogzle area mMmguired is about 250 sq.ft.

Alternative requirements which suggest themselves are also
either inconvenisnt or impcssible. For example, one might require
that the fluld consumption bs a minimum in each stage, or that
the asceleration fluctuations be minimum, Since the uniform jet
velocity syetem seems feaslble, little further investigation of
variable w, aystems has been made.
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Kote on Maximum Effiolency Configurstion

As 18 to be expected, & sonfiguration designed for maximm
efficlency achieves that result by using low jet velocities and
high jet oross sectiona. In any design the finael jet has ths
largest area. Lot attention be fooused, therefore, on Ay 4,
the area of the finsl jet. From equation (21} one finds, }er
the standard load,

° (47)
SJ/ET L
M® cos s !_ln = N V" 0o d - x:i] v |
Ag-1 " 2p0 5 T - Ll - -ﬁ-J wS co8J
L w° cos $ J

Define the two quantities q and p as followa.

Te - a1 s
1= ¥ oon s and P"!rl-*/-r};_:,"
w3 ]

Then equation {L7) becomes

° . 1.
Mocos § qu-:;-.l_n_J_*.;_bl}: (48)

Ager = 2,0 P

Now q is given by equation (38) for the maximum efficlency
configuraticn. Since N was taken as 100 in both cases prsviously
considered, the sawe values will be used here, Substitution of
these values into (48) gives

M°cos §
Agq = 0.00893 —22-7.7-5-

This area may becoms quite large for a large M°and a smzll b,
The numerical coefficient depends only on N, the number cof
nozzles., For example, one finds the folliowing results for
Case A, Case B, and & newly considersd Case C for wiichn W'w
25,000 1lbs., b = 2 Ifeet, and cos § = 0,98

Case At Agg » 1.751 8Qq.fts = 252.1 8q.in.; radius = 8,96 in,
Case Bt Agg = 1.751 zq.ft. = 252.1 8q.in.; radius = 8,96 in,

Cese C: Agg = 0.875 28q.fte = 126.0 3Qein.; radiuve = 6,30 iy,




T

Thus thers may be & convenience limit on designing for maximum

efflclencye. ; '5'
Consider finally equations (34) and (37)., It is epparent _ﬁ‘
that while the efficlency E decreases as v¢/(w cca § ) changes o

from 0.7153 in either direction, the total displacement volume
V, increases for vy/(w cos s ) > 0.7153. Hence it is reasonable
bg design for jet veloocities more than the gptimum rather than
iess, This is shown by a graph of E/(2 cos~S ) versus

2 p V4/M, which has the general shape shown below.
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APPENDIX B. EFFECT OF DECREASING JET VELOCITY ON HYDRAPULT GCROME TRY

In the idealized treatment in Appendix A, a system of N
nogzlss squally apaced a distance b apart was considered. The
noztle areas were designated by Agy Ajy ¢ ¢ ¢ ¢ Apy o o o = Av-1
respectively. The nozzles were inclined at an angle & to the
horizontal. The jet impinged on a single bucket ¢f height not
leas than b tané. It was assumed that a constant pressure was
maeintained, under which condition the jet velocity would be
constant. On this assumption caloulations were made of the
norzle areas necessary in order that the shuttle would have at
each Jet position the velocity that would be observsed for truly
uniformly accelerated linear motion. With the use of such
previously obtained results es are applicable, a treatmsnt will
now be given of the effect of a gradually decreasing je¢ velooity
resulting from the decreasing pressure in the adiabatic expansion
of a gas in an accumulator driving the jet fluid.

The equation of motion of the shuttle was found to be
(page 59), for nb # x & (n+l)db,

%-Eﬁ‘ﬁ-‘iﬁ(wooaé-v) (1)

where, &8 previously, v represents the velocity of the shuttle,
t the time, A, the area of the n-th nozzle, M ths mass of the
1oad,{o the density of the fluid, S the angle betwsen the
direction of the jet and the lims of travel of the shuttle, and
w the jet velocity. Whereas w was constant in the previous
treatment, it will now be a function of t and hence of x. A
wore converient indspendent variable in the present cass is the
volume V of accumulator gas. Obviously, for nb # x 2 (n+1)b,

av

Combination of equations (1) and (2) yields

LR 5 - .
o -Tf? (w cos v) (3)

Now for an edlabatlic expansion the pressures P and the volume V
are rolated by the expreasion

P VE = By vk (4)




where the subscript refers to the initial conditions. Purithere
more, one can write that

Therefore, from (4) and (5), one obtains

. [y, k/2
o= g ;--‘ﬂ . (6)

L ¥

Substituting equation (6) into equation (3) and rearranging, one
cbtains the relation

r. 1 k/2
av ., E,P' = &L Wy c08 S L—O-I (7)
dv M M v |
which may bes written
k/2 2 p /M
a| 2pwml 5 [ve!
Fasiy) I.-ﬁw cos & -3 . 8
| '€ =T Yo &2 € 6o

integrating this, knowing that v = 0 when V = V5, one obteins
for v the following expression,

v
-2 pV/M ., 2 oV/M x/2
v=E r -gf Wy cos $ Vok/z & /0 v av (9)
VC ,
This may be rewritten in the form
2,2 v/M (10)
- k/2
2 oV -2 0V/M Ry

2/0 VO/H
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Note that since in the derivation of the differentlal squation
for dv/aV the discontinuous variable A, was elininated, equation
(10) determines continuously ths velec?ty v as a function of the

volume V for avery valus of V.

N to_determine A, equations (2) and {6} are used to obtain,
for nb @ x 3 (n+l)b,

~. = X/2
AV = A, W |XQ! = (11)
4 0 L "' _J ‘3'
or
y ’/2 -
An i = v V¢ dv (12)
wo vok72

This 1s to be integrated over the entire appropriate range
indicated by

1 Vn+l
Apb= :;';;E7E-}{ v v"/2 av . (13)
Vn

Hence,

vn+1

1
i S k/2 AR (1)
wo VO b J

n

wher: equation (10) is aubstituted in equation (14) one finds that

- £ sl .
5 . M
cos o
n 2/0 b 15

2 V v
S

i bk ks ettty h!&.ﬁ-“‘lﬁﬁ
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£ in which V, ie the total gas volume at x = nb, that is, the total
3 gas volume sorresponding to the shuttls velocity v, {through
¥ equation (10) at x = nb. Now for simulated uniformly accelerated
£ linsar motion ths velocities are given by
L Ve anbd (16)
in wvhich n= 0, 1, 2, « « . « N, and in which a is the space
average of the acceleration. If the parameter y be defined by
y = 2,0V/H, one can write from equaticn (15), forn =0, 1, 2, - %
e e o }?. pi T
;
: Tn+l 2
Ay = Miccsg / 6 k/2 ds Eu u-K/z du ., (17)
; 2 ,ob
Yn o

And from equation (1C) one can write

: VZaiadb o/t
5 anbd “Jn
- = € e w2 g, (18)
Yo

Equation {17), in conjunction with (18), defines the nozzle area
o In principle one now eliminates the parameters J¥n {rom the e
equaticne to obtaln A, es & function of n. Actually, it is o
impossibie to do this analytically. Hence, one mus *solve I
squation (182 for y, for each valve of n, and then substitute il
in equation (17) to obtain A,. 5L
G
Before the solution of these squations is considered, aa
several other relations should be noted. First, the total «;§
liquid displacement volume V3 is given b{ Vq = (Vg = Vg)e ey
Hence, from the definition ol the parametery, B
1 =
Vd - —— L = yo o
/
oy
} where yy is determined from equation (18) for n = N. ’:
! Second, the time increment Up = (t_, t,) for each jet %

secticn is easily obtained from equatiogs (2) and (6) as follows.

e
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e ooy

From (2),

dv a /
dt = = - vk/2 av

. /™

A ¥ Wy Vo Ay

which yields upon integration,

r 1+k/2 1+k/2
. 1 Vnel = Vn ] .
n 2
N ]

In terms of the pe.aweter y, this becomes

1+k/2 1+k/2
M In+1 = yn & 1

. o k/2 l"k._/rZ
2 %a Yo Yo

=
o]
|

Third, the total energy input E; is likewise obtained
easily.

R 1 x/2 _4av
dn.i-z‘ﬁ/oav-pdv-yovo s
Unon 1lntegration this gives

1

By = Fg Vo

role -
k/zl VN e Vol VT .
L1 - k2

If this be expressed in the usual variables, one obtains

2 /or - =
:

=1 n 1 - k/2 )

b

(20)

(21)

(22)

(23)

(24)

Since the ussiul energy output is M vxz/z, one finds for the

total over=all efficlency B
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(2 - k) vg? \ i

E = . s |y - * (250 :‘{E’

1-k/2 i-ky'2 =

woz Yok/a [:Yﬂ &/ =3 -; ' = ]

Hote from equations (17) eand (18) that, &s in the case of %;

an assumed constant pressure {Appendix A), all planss of the o2

same mass M may use the same track if the pressure is adjusted g

30 that for each desired terminal velocity (vy/wg cosd ! = 1

constant for the particular track used. Also note that within ﬁ

limits planes of different masses may be mccommodated if as M o

and v¢ vary § and Wy are adjusted so that =

M ocos § = constant and ——————= = constant o .

w, o8 $ -

3

This requires, of course, that the track be designed so that it ";g

takes the lightest plane with the xinimum angie §.. Taen for —3

hsavier planes the angle 5 is increased, and if the tsrminal 5

velocity vy ir also larger for the heavier plane, then wg, and %

comsoqucntiy the preasure, st be inoreaszed by.. large amount a5

to compensate for botlL the larger vy and the smaller cosd . R
The bucket height must not be less Ehn.n b tan §', where §' is

thse angles for the heaviest plane to be launched. Obviously &

tecanique such as this cen accommodate cnly fairly amall %
variations of plane weight, say up to 10 per cent, and is v
therefors of limited importance. =

To return novw to the solution of equations (17) and (18), *%
define two new symbols 2, and r as =

5h * Jn = Yo and r=%k/2 . (26) ‘f
Intsgraticn of equations (17) and (18) by series expansions lsads %
to the following series for n and Ap; these series convarge for %

reasonabls values of yg, yy and r.

[_
\/éanb_ ! -l..r :‘-]_ l..[ r r (r+l) 2
wo cos § 'nll 2!L1+Yo_]‘n‘3! I*Yoq' 702 *n

L

Sifier,nled) p o), 5, | :

L Yo Y& 3 4 T =

Jen

Thu’ '-"E"
. - M cos & .
B+ 2p0b [JZH-]. Jn_l (28 &5
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1{1"}2#‘1. — -I‘P'2 r- Jln3’+.ooo « (29)

A typical configuration, Case D similar to Case B (page 64)
of the 1deallzed treatment of Appendix A, has been partially
considered. Gease L represents a nydrapult with the followling
specificaticns;:

Cass D: M = 50,000 1lbs.; b = 2 feat; N « 100; coz $ = 0.98;
nveraza e w [.00g; v¢ = 227 ft/mec. = 155 mph;
wo = 694.9 fi/mec.; ? » 3255 psi;: k = 1.400s
VO = 800 ou.ft.;/0= 2.5 lba/ou.ft.

From these one obtains r = 0.70 and y5 = 2 O Vy/M = 2,00.
For Case I’ the firat three nozzle areas are l1isted dbelow

with the corresponding valuss previcusly obtained {Appendix A’
for Case P o the assumption of conatant preasure,

Case Ag A Ao
D 0.1132 sq.ft. 01169 sg.ft. 001195 sqQ.ft,
0.111 0.1135 0.1149

The time required in the {irst section is 0.1745 sec., compared
to 0.1752 sec. for Case B. The accelerations at the beginning
and end of the first section are 4.16g and 3.92g reapsctively
for Caae D, &8 compared to L.09g and %.965 for Case B. The total
water volume ussd is 178.6 cu.fte in Case D, whereas it was

162.2 ouefte in Case B. With an initiel pressure of 3255 psi,
the final pressure is 24,55 psi, and the calculated over-all
erficiensy is 51.4 per cent. This efficiency is to be sompared
with the 52.6 per cent for Casze B.

Becauae of decreasing Jje: velocity with increasing sxpension,

the nogzle areas must increase mors rapidly in Case D than in
Case Be For Case D the ocaiculated area of tha final jet, 22 s 1a
0.2336 sq.ft. This corresponds toc & circular jet 5.54 ino 2 in
diameter.
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The rosults deacribed here for a particular case are
repressntative of resulits which would be obtained for other

- systems. For example, if a smalier value of V, were chosen,

then the caloulatsd A, velues would beé larger. Convsrsely,
Case B represents the limiting case in which V, approaches
infinity. The conclusions about relative accelerations
previously reached in Appendix A need be modified only slightly
for Cese Do The "sawteeth™ in the acceleration versus distance
surve are somewhat more prominert for Case D than for Case B,
but they are still quite small. The adaptability for different
loads 1s essentlaliy aa good in Casé L as it was fcund to be in
Case B.

Some improvement could be attained by replacing the single
accumulator by several smaller accumulators arranged to operate
successive sets of jets. If this were done, an analogous
computation would have to be made for each set of jets to
determine the necessary areas.

Finally, in case such calculations as these should become
usaful, eltlier graphlcal or Vabular mWeuns majy Lo umsw o
decrease the labor required. For example, in order (o make
these calculations the right-hand member of equation (27) has
been evaluated to nine signif{icant figures for values of
from 0 to O.46 at intervals of 0.02, with y, = 2 and r = 0.7,
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APPERDIX Go MINIMIZATION GP THE NYDRAPULT WEICHT

The total weight of the hydrspuit (see second equation on
pP&ge ,9) is given approximately by ths expression

?t \Rl 2.-1]. - .') —1"_1! r
Wt = - l- | 137
19.7 VP; (R ‘"“‘-H_]L
0.036 Pl
+(0:062 + 1) By + g | + 35,000 (1)

in which L' is proportional to the total lsength of pipe required.
T™WO cases arise. A catapult can be designed for a larger
terminal velocity eithsr by keeping ths length of the run

fixed and increasing the accelerstion, or by keeping tre
acceleration fixsd and inoreasing the length of the ™un. A
third and more likely way 2f inoiresaing the terminal velooity

is to increass both parameters, but thias case would be covered
by sonsideraticn of the two more specialized casea. If the
higher terminal velooity is obtained by keepring the length of
the run fixed and inoreas the acoohra‘cic. L' is a oconstant;
its value 1s 0,028 for a 200-foot iun {66 page 34, &nd recall
that 10 per cent has been added for contingencies). If the
largsr terminal velooity 1s obtained by keeping the ascsleration
oonatant and increasing the length of the run, L' beocomes &
funotion of the terminal velocity vy} in the particular instanse
for vhich allowance is made only for the increased weight of
pips neceossary (zes page 34, and recall that 10 per cent hs 2
been added for contingencies), L' may be taken as 5.5 x 10! wg<,
The two values mentioned for [' are identical for a terminal
velooity of 227 ft/sec. obtained with an average acceleration
of 4.0g and a run of 200 feet.

Minimization of the weight expression may be sarried out in
terms of L' Computations for either specizl asze may then be
madoe The independent variables are taken as P, and R The

vclooit' v i3 considered e g;ramotor. The weight

expr«-aa on may bd wr tten in the fo
N P2 (R)
02 » 1+ Pl Fl (R) In {1 - (2)
I |-
in which
- .l_ _2_£ 0.062 % L'
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A Ve
Fy (R) = === + B ¢ = 1.
R «~1
Fp (R) = = x = 0,71
R -1
e 0,036 Sw 1.2l
137

When G is differentiated partially with regard to Py end R

respectively, one obtains {omitting the doaignationlot argumsnts
in the functions Py, Fpy Py' and Fy!),

30 ol P2 irhRl T2 (L)
¥y YT e . P2 2 py2
L - o
VP
3 F, 1 1+p P | F2')
3G [ 2 17 ,
- <—==P  F'1n|1l -~ |+ e e (5)
R L VP Fa | VR

To obtain the values of Py and R which minimize the weight these
derivatives ere each set }qual to rero and the resuliting two
equations aolved for Py and R. Analytically, this proocesdure
insures only that the %onditiona represent a maximm or &
minirmuu,. They aoctually represent a minimum in this case.

When the gquantity

1 -2
VP, ‘ Py
1+ P F VP

is eliminated from equations (4) and (5), the following simple
relation is obtalned.

P

'

F.l..n - 2“]‘. (6)
Pza F;! e
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This relistion defines the valus of R which gives & minimum velus
of the weightes When the valus of R is determined, then the
corresponding minimizing value of P; can be determined from
sither cf the original equaticns in the form of a transcendental
relatioge _If one defines tha qusntity x =« Pp/yPFy, so that

Py = Fp&/x, the relation beoomes

1l
2 Pl an

1 l1=-x 1’1
--x-z-‘:—-—x—— ln(l-x)-i'-z'_l' . (7)

This equation can be solved for x, and hence for Py» when R 1s
known.

Consider the first special case, that in which any change
in design terminal velocity is accomplished by keeping the

-_———

acoelerated run constant and changing the accelration. In

this case L' 1a constant and equal to 0.028., Hence equation (6)
e soms2

r~ - ot+ﬁr Br‘ 1—| ﬂ+§“
B€-o] ¥+ |2-4- £ - H]| 2

A== [3" B,
-‘3[1'%}‘* *[z'IJ ° (8)

Wote that here there is no dependsnce on terminal velocity Vie When
nunerical values are inserted, one finds that

(9)
1.75 R1*92% - 5,80 R1*2M + 2,50 RO T 4 2,55 RO-5%0 .~ 1,00 = 0,

The solution of this squation is R = 2,123, a constant for all

values of v, Since R 1s & constant, P, &nd F,/vy are also

constant, &hoy have the values F& = 0,0CGiC: and P /v, = 0,107,
an

It is sonvenient to express v, Py in terms of the parameter x,
If this 1s done,

/ - o
\/ .26 x 10 x*
vt = - 5

Zan {2 - x) + 22

I't/sec. (10)

4]

and
- 485

-—§-§ 1n (1 = x) + 1/2

psl . (11)
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CONFIDENTIASECURITY INFORMATION

Restricting sttention to a range of scceleration rrom
spproximataly lg to 10g, for a 200-Toot run (for which R = 2.123)
one obtains the results given in the following table,

z % 5 Ve
0.30 108 ft/sec. 1%60 psi .91
0 35 132 1620 1.35
c 04 160 1820 1.99
shS 194 2200 2e 92

0.50 23> 2510 2
0 SS 3160 g'!

373 4370 .
The mannser of variation of R and of P with v, 18 shown

graphically by the full-line curves o oage

Now consider the second speoial ocase, that in whioch any
change in design teminal velocity 1as sccomplished by keeping
the acocsleration constant and changing ths length of the run.
In the particular instance for which allowance is made conly
for ths 1nor’ased weight of pipe necessary, L' may be taken
as 5.5 x 10° t In this case it 1is round that R &8s defined
by equation (6) 18 a function cf ¥ r to celoulats
correspending values of R and v ﬁowaver, it is more
convenient to solve equation (6; for v, for selected values
of R, and then to calculate Py in a maﬁner annlogoua to that
used 1in the first case. SolvEd for v,2, equation {6) beocomes

= - R LSwes 3
2 = il°'°361[—;'tg - éJ R+ R - ’] 0.062| (12)
Vt = n?“ o _ ”-— 5 P o .
5:5 x W07HR" - Hg 1] g9 £ |
or
= =i =
> 1 [[0.0% [-0.200 U214 4 1,700 RO+590 .

v
* 5.5z 30 71_,;0-711; - 1Lo .700 RY*2 _ 1,700 RO°590

- 0.062: 3 (13)

o
Using this equation, values of v, ean be calculated for selected
values of Rs Tho results are thfn used to caloulate
1 | 0.036 7.2
. + 0.062 + S'— X 10 v
Fy 137 LROo7lh -1 5 t E
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These define x as follows by equation (7).

;[ J 2’1’2
Having the value of x, Pl is then given by
2
Fa
PI“? .

4 Roatrieting attention to approximately the same :&ry
terminal vslccities as considsrsd in the first case, couim
ing to sccelerated runs 8 up to about 500 feet at & sceoas
acsaleration of L4.0g, one obtains ths results given in ¢
following tablse.

R ‘t x 33
' 2.30 103 ft/ssce. 0.271 1740 psi
2.25 IR 0.350 1910
220 176 O.ulg 2120
2:15 209 0.46 231G
2:10 2%1 0.5G9 2530
2.00 302 0457 % 30%0
1.90 N 0.6 3770
manner of variation of R and Py with v, 18 shoun
by ths broken-lins curves on page . t
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